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Digestibilities of crude protein (CP) and amino acids (AA) are crucial characteristics of 
milk replacers (MR) and calf starters (CS) in a calf-rearing program. Since AA are only absorbed 
in the small intestine and because the fermentation in the large intestine would alter AA profile 
in digesta, ileal digestibility is considered the most accurate estimation of AA bioavailability.  
Because the synthesis of endogenous proteins is dependent on many physiological and dietary 
factors, flows of AA and CP at the ileum need to be determined in order to obtain accurate 
estimates of nutrient ileal digestibilities. Soy protein remains one of the most studied alternatives 
to milk proteins. Microbial-treated soy protein has become a feed ingredient of interest lately 
because of its lower concentration of ANF, its greater proportion of AA and small size peptides, 
and the presence of other beneficial bioactive compounds and peptides. These novel products 
have shown interesting results in terms of gastrointestinal health and growth in pre- and post-
weaned calves. 
The objectives of the series of experiments included in this dissertation were to (1) 
evaluate our capacity to successfully place a duodenal and ileal cannula in young calves, (2) 
analyze the effect of the inclusion of an enzyme-treated soybean meal (SBM) in a MR on the 
dietary ileal digestibility in pre-weaned calves, (3) evaluate the effect on ruminal and intestinal 
digestion of the substitution of regular SBM with enzyme-treated SBM in weaned calves, and (4) 
estimate ileal endogenous losses of CP and AA in pre- and post-weaned calves. 
For objective (1), 2 pilot experiments were performed to evaluate ileal cannulation alone, 
and duodenal plus ileal cannulation. In the first experiment, a T-cannula was surgically installed 
in the terminal ileum of 3 Holstein calves approximately 5 cm anterior to the ileocecal junction at 
15 d of age, and 2 paired non-cannulated calves were used as controls. Cannulation did not affect 
mean BW, ADG, milk and water intakes, and body frame dimensions. However, final BW (89.2 
vs 94.6 kg) was lower and starter intake (0.06 vs 0.21 kg/d) tended to be decreased in cannulated 
calves when compared with control calves. No effects on health scores, rectal temperature, or the 
odds of incurring diarrhea or being medicated were observed. Flow of digesta (46.4 ± 0.04 g/h) 
increased linearly after feeding, whereas there was a quadratic effect of time on digesta pH with 
the nadir at approximately 8.5 h post-feeding. In the second pilot study, 3 Holstein male calves 
were fitted at 7 wk of life with a T- cannula at the terminal ileum and another at the proximal 
duodenum.  The mean weekly BW of the 3 calves from arrival (wk 3) until the beginning of the 
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experimental period (wk 14) were fit to the best broken-line model as described elsewhere. The 
parameters of the selected model [BW= a + b1 ✕ min (wk, x1) + (b2 ✕ max (0, wk-x2)); P < 0.001, 
adj. R2 = 0.996) showed a plateau on BW gain of almost 2 wk from 6.6 wk (x1) until 8.5 wk (x2), 
which corresponds with the time of the surgery (wk 7). In addition, the model identified different 
slopes of growth before (b1 = 6.5 kg/wk) and after the plateau (b2 = 5.7 kg/wk), which may 
indicate a detrimental effect on growth due to the digesta collection or body tissue adaptation to 
the cannulas. 
For objective (2), 9 Holstein ileo-cannulated calves were randomly assigned to a 3 ✕ 3 
replicated Latin square with 5-d periods. Calves were fed twice daily either a MR containing all 
milk proteins (WPC) or a MR with 50% of the CP provided by an enzyme-treated SBM 
(ESBM). No starter was offered to minimize rumen development. Ileal digesta pH with the 
ESBM diet was lower than with WPC. According to the piecewise nonlinear model of pH 
fluctuation, digesta pH during ESBM decreased slower after feeding and reached its nadir later 
than with the WPC diet. Apparent (AID) and standard (SID) ileal digestibility of most AA, CP, 
and total AA were lower or tended to be lower with ESBM. However, true ileal digestibility 
(TID) did not differ between diets for CP and all AA except Ala and Ile, which were greater for 
WPC, and Arg which tended to be greater with ESBM. In agreement with the estimated 
differences in total endogenous losses (ENDtotal), we found that flows of digesta DNA and crude 
mucin were greater with ESBM. Substitution of 50% of the protein from whey with an 
enzymatically treated soybean meal did not affect major nutrient digestibility or calf growth and 
even improved fecal consistency.  
For objective (3), 12 weaned Holstein calves cannulated in the duodenum and ileum were 
randomly assigned to a single 3 × 3 Latin square with 10-d periods at 50 d of life. The 3 diets 
were fed for ad libitum intake and consisted of a control CS with regular SBM as the main 
source of protein (CTRL), an isonitrogenous CS with an enzyme-treated SBM as the main source 
of protein (ESBM), and a low protein diet with no supplemental protein (LOCP). Relative to 
intakes, duodenal flows of CP and total AA as well as microbial-N efficiency were greater, and 
flow of non-protein N was lower, with ESBM than CTRL. Similarly, the AID of CP and total 
AA of the diet and the test ingredient were greater for ESBM. The forestomach and intestinal 
digestion parameters suggest that an optimal balance of CP and the inclusion of previously 
hydrolyzed proteins improved the efficiency of microbial digestion and increased AA absorption 
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despite a lower proportion of microbial N relative to total duodenal flow. The latter indicates that 
even the rumen undegradable protein supply with ESBM was more digestible.  
Lastly, for objective (3) basal endogenous losses (ENDbasal) of AA and CP were 
estimated by feeding a nitrogen-free MR to each calf during 1 period in the MR study. Total 
endogenous losses (basal + specific) were estimated by multivariate regression of the χ2 
distances between digesta and reference protein AA profiles. The ENDbasal of AA and CP were 
13.9 ± 1.1 and 22.4 ± 1.1 g/kg of DMI, respectively. The estimated ENDtotal of AA and CP were 
higher with ESBM than with WPC. Endogenous losses across the small intestine in weaned 
calves were estimated by feeding a CS with low CP content and by regression of total and 
digestible CP flows across diets. The basal losses per kg of duodenal DM flow were 47 ± 15 and 
37 ± 12 g/d and therefore the TID were 86 ± 0.1 and 87 ± 0.1 % for CP and AA, respectively. 
Overall, enzymatic treatment of soy proteins increased N digestibility and show promise 
as a feedstuff for weaned calves and even as an ingredient for milk replacers. The estimate of 
endogenous protein losses is crucial to determine accurately dietary N digestibilities.   
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CHAPTER 1: LITERATURE REVIEW 
ABSTRACT 
Total or partial substitution of milk proteins with soy proteins can represent a substantial 
increase in the economic efficiency of calf diets as long as it does not affect calf performance. 
Unfortunately, the results found in the literature indicate that the inclusion of soy protein in diets 
of young calves usually diminishes on growth and health outcomes. The reaction of the 
antinutritional factors and antigenic proteins in soybean with the gastrointestinal tract causes a 
physiological response with negative consequences for the digestive tract and immune system 
health that reduces calf growth. In this review, we bring back to the spotlight the importance of a 
correct processing method of soybeans and look at some of the published research that evaluated 
different soy-based ingredients in diets for young calves. Conventional methods such as heating, 
ethanol-extraction, and protein isolation can produce favorable results provided that the final 
product contain minimum or null amounts of antigenic and antinutritional factors. More recently, 
further processing methods such as microbial treatment of soybean meal, which besides a 
reduction of antinutritional and antigenic factors also add value to soy protein quality, have been 
gaining attention due to the encouraging results obtained in calves as well as in other 
monogastric animals. Our objective with this review is to encourage an open door to more 
research about the use of soy protein in young calf diets by learning from the mistakes of the past 
and by acknowledging the promising results found when modern techniques are applied to treat 
soybeans.   
INTRODUCTION  
Milk components are the most expensive ingredients that constitute calf milk replacer 
(MR). Milk powders are the commodities with the biggest presence within the international dairy 
trade. Their consumption has been increasing steadily during the last two decades and, as a 
consequence, the price of milk powders has increased (Lagrange et al., 2015). Whey proteins and 
dried skim milk are among the most common milk powders utilized for calf MR, and therefore 
total or partial substitution of milk proteins for alternative protein sources can be economically 
beneficial (Raeth et al., 2016). In the actual economic situation, the price of soy protein is still 
more competitive than whey protein, and therefore it is one of the most studied alternatives. 
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However, the antinutritional factors (ANF) present in soybeans interfere with the regular 
gastrointestinal function, negatively affecting growth and normal physiology in calves as well as 
other monogastric animals (Lallès, 1993). Since the first attempts of using soy protein as an 
ingredient for young calves (Shoptaw, 1936), results reported in the literature show that the 
direct substitution usually is not completely satisfactory (Table 1).   
 On the other hand, in older calves rumen fermentation rather than immune adaptation 
(Barratt et al., 1978; Tukur et al., 1993) seems to reduce the appearance of antigenic reactions. In 
the weaned calf, no immunological reactions to soybean globulins were found, even though trace 
amounts reached the ileum undigested (Tukur et al., 1993). Fermentation with rumen fluid 
increases the vulnerability of soybean globulins to complete pepsin hydrolysis (Mir et al., 1989), 
inactivating any possible antigenic capacity (Barratt et al., 1978). Even during the pre-weaning 
period, older calves seem to better resist soybean antigens (Barratt and Porter, 1979) and 
therefore are able to achieve better performance (Akinyele and Harshbarger, 1983). Even though 
authors attributed this effect to a greater permeability of the mucosal barrier in early stages of 
development, it is likely that some microbial fermentation had already taken place using the 
water and milk that had entered the rumen by incomplete closure of the reticular groove (Rey et 
al., 2012). Nevertheless, rumen fermentation itself in older calves sometimes does not seem able 
to completely mitigate the negative effects of certain ANF (proteases inhibitors) in raw soybeans 
(Abdelgadir et al., 1984), which emphasizes the importance of feeding the right protein source 
even during the weaning phase (Drackley, 2008).  
IMPLICATIONS OF ANTI-NUTRITIONAL FACTORS IN SOYBEANS 
ANF in Soybeans 
Soybean has always been recognized as a very valuable source of protein for ruminants 
and non-ruminants. However, its nutritional value is not only marked by the quantity and 
availability of AA, but also by the presence of the naturally occurring ANF. Proteases inhibitors, 
lectins, antigenic proteins, tannins, polyphenols, oligosaccharides, goitrogens, phytates and 
antivitamins are some of the ANF with a significant negative effect on calf performance 
(Huisman and Jansman, 1991). Although they are non-toxic, these factors cause negative 
physiological responses in the animal (Liener, 1981). Whether individually or in association, 
these components affect mainly protein digestion and absorption but also carbohydrate digestion, 
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and mineral and vitamin bioavailability (Lallès, 1993).  Protease inhibitors are the best studied of 
these factors, however there are others that should not be overlooked.  
Protease inhibitors. Protease inhibitors are classified as the Kunitz inhibitor of trypsin, 
and the Bowman-Birk inhibitor of chymotrypsin and trypsin (Friedman and Brandon, 2001). The 
structure of the Kunitz inhibitor is a single polypeptide chain composed of around 200 amino 
acids (Liener and Kakade, 1969). The Kunitz inhibitor is easily denatured by heat, acid, or alkali 
and at low pH it is hydrolyzed by pepsin (Liener and Kakade, 1969). On the other hand, the high 
content of cysteine residues arranged as disulfide bonds of the Bowman-Birk inhibitor provides 
it with a high resistance to denaturation by heat, acid, or alkali, and to proteolytic enzymes 
(Liener and Kakade, 1969; Lallès, 1993). Among all the protease inhibitors (PI) present in 
legume seeds, trypsin inhibitors are the ones that have the bigger impact in monogastric animals 
(Huisman and Jansman, 1991). Whole soybeans can contain between 17 to 27 mg of trypsin 
inhibitor per gram or 86 trypsin inhibitor units per milligram (Liener, 1981). These molecules 
attach to the enzyme and the resulting complex is not easily disassociated because of a very tight 
bond.  Digestibility of soy and non-soy protein therefore will be affected negatively during the 
digestion process (Tukur et al., 1993). Calf performance will be diminished (Dawson et al., 
1988) when protease inhibitor concentrations are elevated.  
Lectins. In defatted soybean flour, lectins account for 1 to 3 % of the protein (Liener, 
1981). These components, also found in other legume seeds, are glycoproteins highly resistant to 
digestion. Lectins alter the morphology of the epithelium, intestinal permeability, and transport 
of nutrients by binding to the mucosa of the gut due to their strong affinity for carbohydrates on 
cell surfaces (Friedman and Brandon, 2001). Lectins are known to induce a response of the local 
and humoral immune systems, and interfere with the bacterial ecology of the small intestine. 
Even though not all lectins show the same degree of severe effects, the binding of lectins with 
the membrane receptors of epithelial cells produce important changes in the digestion and 
absorption of nutrients, and in the metabolism of brush border cells (Huisman et al., 1989). 
Oligosaccharides. The young calf lacks of the enzymes required to digest some of the 
oligosaccharides present in soybean such as sucrose, raffinose, and stachyose. The passage of 
these carbohydrates intact into the intestine may increase the flow of digesta  due to their osmotic 
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effect in the small intestine, and also the appearance of flatulence since these carbohydrates are a 
fuel for microbial fermentation in the large intestine (Sissons, 1982). 
Phenolic acids. These compounds are known to activate synthesis of prostaglandins and 
other subfamilies of eicosanoids from arachidonic acid. Large amounts of released 
prostaglandins (PGE2) are associated with gastrointestinal cramps and diarrhea due to their effect 
on the intestinal muscle layers. In addition, prostaglandins alter water and electrolyte transport 
across the mucosa (Waller, 1973) and even inhibit the reabsorption of water and electrolytes, 
which increases the digesta fluid content and aggravates diarrhea (Gardner et al., 1990). Phenolic 
compounds in soybean also increased heart and respiratory rates in comparison with the already 
elevated values from calves fed soy protein concentrate (SPC; without phenolic compounds) 
when compared with milk-fed calves (Gardner et al., 1990).  Detoxification of polyphenolic 
compounds after absorption requires methylation and therefore increases the utilization of 
methionine, whose concentration is already low in soy protein (Huisman et al., 1989). 
Goitrogens. The component causing goiter is still unknown, but unheated soybean does 
cause an enlargement of the thyroid gland by inhibiting its iodine uptake (Hemken et al., 1970). 
Heating of soybean can only partially counteract this effect, and proteolytic digestion seems to 
result ineffective as well. However, iodine supplementation is able to reverse any goitrogenic 
activity (Hemken et al., 1970). 
Phytates. Phytic acid forms chelates with metal ions like calcium, magnesium, zinc, 
copper, and iron (Liener, 1981). The chelation reduces mineral bioavailability, because such 
complexes are not readily absorbable (O’Dell, 1979). Phytic acid even forms strong complexes 
with certain proteins, which makes them less susceptible to hydrolysis (O’Dell, 1979). Removal 
of the phytic acid can be achieved by heat, enzymatic hydrolysis, and with acid or alkaline 
conditions during protein precipitation (O’Dell, 1979; Liener, 1981).   
Antivitamins.  Lipoxygenase in raw soybean oxidizes and destroys carotene. Inclusion of 
30% raw soybean in the diet reduced blood concentrations of carotene and vitamin A in dairy 
calves (Liener, 1994). Raw soybean also has rachitogenic properties that can be ameliorated by 
supplementing with vitamin D3, calcium, and phosphorus, or by simply heating the soybean 
(Liener, 1981). Moreover, raw soybean can increase the requirements for vitamin E and B12 by 
components that are still not well known (Liener, 1981, 1994).  
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Saponins. These components are steroid or triterpenoid glycosides. Some saponins from 
certain plants seems to increase intestinal permeability (Huisman et al., 1989). However, feeding 
soybean saponins at 3 to 5 times the regular amount present in a soybean diet failed to inhibit 
growth in chicks, rats, and mice, which places saponins probably out of the ANF of concern for 
calves (Liener, 1994).     
Antigenic compounds.  Some ANF like PI and lectins induce specific antibody synthesis 
mediated by gastrointestinal reaction (Lallès, 1993). Even though soybean albumin seem not to 
cause such a reaction, the major protein storage globulins glycinin and β-conglycinin are 
associated with an allergenic response (Sissons, 1982). Analysis of wheal growths from 
intradermal injections in calves revealed an allergic response to milk with different 
concentrations of antigenic soybean products (Gardner et al., 1990). 
Effects of Soy Protein on Calf Physiology 
Inactivation of trypsin triggers the release of cholecystokinin from the pancreas, which 
stimulates the secretion of more proteases from the acinar cells and causes hypertrophy of the 
pancreas (Huisman et al., 1989). Unlike in other mammals, however, PI in soybean do not induce 
these changes in calves (Lallès, 1993). Moreover, calves show a decrease in trypsin (Khorasani 
et al., 1989) and chymotrypsin (Guilloteau et al., 1986a) secretion when they are fed with 
soybean flour and even with SPC and soy protein isolate (SPI; Lallès, 1993). On top of that, the 
major globulins in soybean, glycinin and β-conglycinin, are very resistant to proteolysis (Sissons, 
1982). However, a reduced pancreatic secretion will not only reduce soy protein digestibility but 
also non-soybean protein digestibility (Tukur et al., 1993) 
Secretion of gastric acid and enzymes such as hydrochloric acid, rennin, and pepsin is 
reduced when soybean proteins are fed instead of milk proteins (Sissons, 1982). Soy protein in 
SPC reduced intestinal absorption by decreasing villus length, enterocyte proliferation, and 
secretion of intestinal digestive enzymes (Dawson et al., 1988; Grant et al., 1989; Drackley et al., 
2006). In addition, soy protein also increases gut immune activation (Lallès, 1993), mucin 
secretion (Montagne et al., 2000), endogenous protein loss (Montagne et al., 2001), and intestinal  
permeability (Kilshaw, 1981). 
Protease inhibitors, lectins, and soy globulins are the main molecules behind the 
induction of soy-specific antibody synthesis (Sissons, 1982). Besides an humoral immune 
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reaction triggered by glycinin and β-conglycinin (Dawson et al., 1988), glycinin has a linear 
negative effect on apparent ileal protein digestibility (Tukur et al., 1993), both of which 
contribute to a reduction in calf performance (Dawson et al., 1988). More importantly, calves do 
not seem to develop a tolerance to soy proteins and will always show the same reaction despite a 
prolonged exposure to antigenic soy (Barratt et al., 1978). Furthermore, prostaglandins and other 
eicosanoids, whose synthesis is elevated by the phenolic compounds in soybean, are also 
mediators of inflammation in the bowel (Gardner et al., 1990).  
The length of time that the digesta stays inside the abomasum before passing through the 
pylorus to the small intestine is an important factor that can affect calf health and growth. 
Because of the absence of casein, plant proteins do not react with rennin to induce abomasal 
clotting, and therefore it would increase abomasal emptying rate (Colvin et al., 1969), which can 
reduce protein digestion (Lallès, 1993). The immune response to antigenic soy protein also 
seems to be the origin of the motor dysfunction of the gut causing a delayed abomasal emptying 
(Smith and Sissons, 1975; Lallès et al., 1999). Soy-fed calves showed altered concentrations of 
some of the hormones involved in gut motility, such as higher concentrations of somatostatin and 
cholecystokinin, and lower concentrations of gastric inhibitor peptide in circulation (Guilloteau 
et al., 1986a). The movement of digesta through the intestine is initiated by a muscular 
contraction that begins in the duodenum and continues toward the lower intestine (Sissons, 
1982). By monitoring the myoelectrial activity in the intestine, it was found that calves fed 
antigenic soybean meal that supplyied up to 35% of the protein within the MR manifested an 
increased frequency of intestinal contraction, which contributed to diarrhea occurrence since 
water ileal flow surpassed the capacity of absorption in the large intestine (Lallès et al., 1995a). 
The disparity of results found in the literature suggests that different processing methods of soy 
products can greatly influence an apparent inhibitory effect of antigenic soy protein on abomasal 
emptying rate (Smith and Sissons, 1975). 
Processing Methods for Soybeans 
In order to reduce the adverse effect of ANF, soybean must be processed prior to 
consumption by the calf. The ANF can be classified as heat-labile and heat-stable; however, in 
some cases only partial inactivation may occur so the classification into one of these groups is 
not totally strict (Liener, 1981). Nevertheless, heat treatment is a key method that constitutes the 
first step among the different processing methods available. 
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Toasting. Heat treatment is the most common process in all commercial forms of soy 
products (Liener, 1981). After removal of the oil by solvent extraction, toasting reduces the 
action of the proteases inhibitors, especially those within the Kunitz family (Lallès, 1993). 
However, even after heating soy flour still has 5 to20% of its initial inhibitory capacity 
(Friedman and Brandon, 2001). Excessive heating can result in loss of nutritional value by the 
formation of undesirable amino acids (AA) like fructosyl-lysine and lysinoalanine, which is a 
nephrotoxic substance. Both AA are derived from the Maillard reaction and are not nutritionally 
available. Bioavailable lysine can be reduced by 78  to 85% due to excessive heating (Mao et al., 
1993). Heating and toasting of soybean protein also denatures lectins (Caugant et al., 1994), 
which increases considerably its nutritive value (Liener, 1981) and increases the content of rumen 
undegradable protein (Giallongo et al., 2015). 
Hot aqueous-ethanol extraction. Soy protein concentrate (66 to 71% CP) extracted with 
hot aqueous ethanol does not contain immunologically active glycinin and β-conglycin (Lallès, 
1993). Howeve, even small variations of the method of extraction may result in subtantial 
differences in the antigenic potential of the product. Extraction of soy protein with 65 to 70% 
ethanol at 80°C during 2 h resulted in the minimum antigenic activity detected (Sissons, 1982).  
In addition, this treatment removes oligosaccharides soluble in ethanol (Caugant et al., 1994). As 
a result, SPC is highly digestible and apparently does not trigger common digestive disorders 
found with soybean flour, which results in an overall better calf performance (Sissons, 1982; 
Caugant et al., 1994; Lallès et al., 1995a). 
Protein isolation. Soy protein isolates contain a minimum of 90% protein (Gardner et al., 
1990). Isolates are formed by precipitation of the protein with acid after removal of the insoluble 
protein and polysaccharides with water plus alkali at a pH of 7 to 8.5 (Singh et al., 2008). Protein 
isolation does not seem to inactivate glycinin and β-conglycin. However, it reduces considerably 
the concentration of active PI (Liener, 1981; Lallès, 1993) even though sometimes not 
completely (Khorasani et al., 1989). 
Microbial treatment. Protein and carbohydrate during induced microbial treatment (i.e., 
fermentation) undergo an extensive breakdown into low molecular weight peptides, AA, 
oligosaccharides, and monosaccharides (Kiers et al., 2000). Fermentation also reduces the 
presence of certain ANF like trypsin inhibitors (Feng et al., 2007) but mainly because heating of 
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soybean it is one of the previous steps before fermentation (Liener, 1981). However, 
fermentation even slightly increases the trypsin-inhibitory capacity, evidently by the release of 
certain fatty acids during the cooking process (Wang et al., 1975). Fermentation also reduced the 
concentration of oligosaccharides like raffinose and stachyose (Chompreeda and Fields, 1984). 
Protein fermentation with Bacillus spp. achieved a complete breakdown of glycinin and β-
conglycin into their subunits, which may have contribuited to an increase of in vitro digestibility 
(Kiers et al., 2000). Calves fed fermented soybean meal (FSBM) showed less immune response 
to the antigens glycine and β-conglycin than calves fed only heated or extruded soybean (Mir et 
al., 1993). On top of that, suplementation with only Bacillus subtilis natto, which is a fungus 
isolated from FSBM, increased calf immune function (higher serum IgG and IFN-γ) besides 
promoting better growth rates (Sun et al., 2010). In addition, FSBM presents a high content of 
vitamin K, which is involved in calcium metabolism in bone, and also is free of the flatulence 
factors found in soybean (Liener, 1981). The FSBM even releases bioactive components that 
enhance the immune system response and have other health benefits (Chatterjee et al., 2018). 
SOY PROTEIN ILEAL DIGESTIBILITY  
Reported apparent digestibility of soy protein in MR generally has been lower in 
comparison with milk proteins (Table 1). This difference can result from different factors such as 
the effect of protein source in abomasal emptying, digestive secretions, rate of absorption, 
intestinal morphology and permeability, and flow of digesta (Lallés, 1993; Drackley, 2008). 
Plant proteins also can influence calculations of apparent digestibility due to a greater synthesis 
of endogenous protein (Montagne et al., 2000) or to the presence of the aforementioned ANF 
that will alter digestive and absorptive capacity of the intestinal epithelium (Lallès et al., 1999). 
Moreover, microbial fermentation in the large intestine will alter the N concentration and the 
profile of AA in feces without keeping any relation with the dietary AA supply, which will cause 
erroneous values for total tract digestibilities (Khorasani et al., 1989). Ileal digestibility values 
therefore are the only accurate method to evaluate protein quality in feed ingredients for young 
dairy calves. Research using this technique was abundant in the past, but to our knowledge only 
one experiment has been reported in the last 2 decades using this method of digestibility 
determination (Montagne et al., 2003).  
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 Early work by Gorril and Nicholson (1972) found lower apparent ileal digestibility (AID) 
of DM, N, and gross energy with a MR containing 22% SPC in comparison with a spray-dried 
all-skim-milk powder MR. Guilloteau et al. (1986b) compared the AID of 3 different MR that 
differed in the source of protein: the control with spray-dried skim-milk powder as unique 
source, and 2 experimental MR with SPC and fish meal suplying 44 and 30.5% of the protein 
respectively. The AID of DM, OM, N, fat, ash, and N-free extract were lower for the MR with 
ethanol-extracted SPC than the others with fish or milk protein. Digestiblity of AA was greater 
for milk than for soybean protein, especially for His, Pro, Glu, Asp, and Val (Guilloteau et al., 
1986b). Similarly, Khorasani et al. (1989) reported lower AID of CP and most AA when spray-
dried skim milk powder was 100% substituted with SPI. In contrast with the previous experiment 
by Guilloteau et al. (1986b), there were no differences in DM digestibility, which could be a 
result of the usually better digestibility of SPI compared with ethanol-extracted SPC (Khorasani 
et al., 1989). In addition to the same AA (except Asp) affected in the study by Guilloteau et al. 
(1986b), the authors also found larger differences of AID for Ile, Leu, Lys, Met, Ser, and Tyr 
(Khorasani et al., 1989). The relevance of the processing of soybean protein also was 
demonstrated by Tukur et al. (1993) who found lower OM, CP, and ash AID when spray-dried 
skim milk powder was replaced by heated soybean up to 50 % of the CP, but not when skim milk 
was replaced with ethanol-extracted SPC. Caugant et al. (1993) also found an effect of soy 
protein processing on AA digestibility. While a heated soy flour-based diet showed significant 
diferences in all AA in comparison with an all-milk diet, feeding a MR with an ethanol-extracted 
SPC improved ileal digestibility of Lys, Phe, Ile, Met, and total N (Caugant et al., 1993). 
Substitution of 50% of the skim milk powder with heated and hexane-extracted SPC also 
resulted in lower DM, CP, and AA AID (Kanjanapruthipong, 1998). It is important to note that 
hexane extraction is not as efficient as using ethanol to remove phenolic compounds in soybean 
protein (Gardner et al., 1990).  
 Comparisons between AID of CP or AA from different feed sources can lead to 
misleading conclusions because a relatively important percentage of the digesta AA that have not 
been reabsorbed at the ileum are secreted or appear endogenously (Stein et al., 2007). Amino 
acid endogenous (AAend) losses can come from mucin, sloughed cells, serum albumin, digestive 
enzymes, amides, ingested hair, and bacteria (Montagne et al., 2001). Nevertheless, at least in 
calves the profile of AAend in digesta is similar between different diets (Montagne et al., 2001), 
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which could facilitate estimation of the total endogenous protein flow. Endogenous losses of AA 
are composed of basal and specific losses (Stein et al., 2007). Basal losses per kilogram of DMI 
are not influenced by the composition of the diet and usually decrease as DMI increases. On the 
other hand, specific losses depends on the composition of the diet and increase when fiber and 
ANF increase in the diet. Feeding an N-free diet allows us to easily obtain the endogenous basal 
losses with which we are able to calculate standard ileal digestibility (SID; Montagne et al., 
2003; Stein et al., 2007). In contrast, methods for the estimation of specific endogenous losses 
(e.g., homoarginine and isotope tracer dilution techniques) are laborious, expensive, and both 
methods have important limitations. However, a mathematical model has been developed by 
Duvaux et al. (1990) to determine the flow of total endogenous losses using the AA profile of the 
different proteins that constitue the digesta. The authors combined a multiple regression analysis 
with the calculation of the distance of χ2 between AA from the diet, endogenous, and microbial 
protein. The lower the distance of χ2, the higher the similarity between the AA compared 
(Guilloteau et al., 1986b). As a result, true ileal digestibility (TID) of dietary proteins can be 
estimated since the flow of AA at the ileum is corrected by the total endogenous losses (Stein et 
al., 2007). 
 Montagne et al. (2001) found that AID of OM (92%) and ash (69%) were higher with 
skim milk powder than with SPC, but only tended to be higher with hydrolized SPI. However, 
the opposite trend was found with CP and AA where the hydrolized SPI diet showed a 
significantly lower AID and SID and only a tendency for the diet with SPC. In contrast, when 
TID were estimated, both soy proteins showed a significantly lower value than skim milk 
powder (Montagne et al., 2001). Standard and true ileal digestibilites of CP and AA at the ileum 
were very high (100 and 99%, respectively) with the skim milk diet, in close agreement with 
values measured with H-labeled milk protein by Sedgman et al. (1985). The extremely high 
values found by Montagne et al. (2001) must be considered carefully because they infused the 
reconstituted diets continuously through an abomasal catheter and even added sodium citrate to 
avoid clogging, in order to obtain a slow and continuous transit across the digestive tract, which 
may have increased the rate of digestion and absorption. Nevertheless, their findings indicate that 
endogenous losses of N and AA were very low or null with the milk-based diet. However, SID 
and TID with both soy protein products were greater than AID ,which means that there was a 
substantial increase in endogenous losses (Montagne et al., 2001). Since both the SPC and the 
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hydrolized SP, should have had very low concentrations of trypsin inhibitors and antigenic 
proteins, probably the interaction of the gut with other components in the diet such as non-
antigenic proteins and peptides (Lallès et al., 1999), oligosaccharides, or fiber (Stein et al., 2007) 
stimulated the synthesis of endogenous protein secretions.  
 In weaned calves considering both duodenal and ileal flow of amino acids, Khorasani et 
al. (1990) reported an AID of DM of 69.5 % and for CP of 70%. Among AA, Arg, His and Glu 
showed the highest disappearance with 88.5, 81.6, and 81.6% respectively, and Ala, Thr and Met 
the lowest with 64.2, 69.6 and 70.5%, respectively. Apparent ileal digestibility for CP and total 
AA absorption (except Met and Glu) were greater for calves fed soybean meal (SBM) than those 
fed canola meal. There were no differences of pancreatic juice volume or secretion of protein, 
chymotrypsin, and trypsin. These findings indicate that at least in the ruminant calf the source of 
protein or ANF do not exert an important influence on protease secretion (Khorasani et al., 
1990), unlike what occurs in the preruminant calf (Lallès, 1993). 
CALF PERFORMANCE WITH SOY-BASED FEEDS 
The right selection of treated soybean protein to feed pre- and post-weaning calves can 
play a tremendous role in the calf’s health status and growth rate. Whether through an improved 
protein and AA digestibility or through a lesser immune response to antigenic soybean 
compounds, calf growth and health scores will be the parameters that best represent the 
effectiveness of the selected feed ingredient. Selecting the proper feed ingredient for MR and 
calf starter cannot only have an immediate economic impact in calf-rearing programs, but will 
also affect the long-term productivity of the animal (Rauba et al., 2019). 
 It has long been known that feeding untreated (raw) soybean protein to pre-ruminant 
calves can definitely have negative consequences for calf performance (Shoptaw, 1936). Calves 
fed MR with acid- or alkali-treated SBM as the unique protein source grew almost at a double 
rate than calves fed MR with untreated SBM (Colvin et al., 1969). Early work by Morrill et al. 
(1971) found that an SPC could replace 22% of the protein supplied by dry whey, but with 44% 
substituted the ADG diminished. In contrast, Gorrill and Nicholson (1972) showed no difference 
of ADG between calves fed skim milk powder or a mix with 70% of the protein provided by a 
the same SPC until 7 wk of life. In a similar set up, the authors found that calves fed the SPC-
based MR were less efficient because they consumed more hay but did not grow more before 
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weaning (Gorrill and Nicholson, 1969). However, we now know that the type and the way the 
forage is offered play an important role in the growth, gastrointestinal tract development, and 
even have long-term effects on growth and first-lactation milk response (Castells et al., 2015). In 
fact, those calves fed the SPC-based MR grew less after weaning even when they had the same 
DMI than the all-milk fed calves (Gorrill and Nicholson, 1969). The numerous differences 
between the feeding regimes and experimental designs of Gorrill et al. (1972) and Morrill et al. 
(1971) experiments make it difficult to find an explanation for the effectiveness of SPC as a 
substitute for milk proteins. After a series of experiments comparing milk proteins against 
toasted and alkali-treated soy protein in MR, Nitsan et al. (1972) concluded that when the ratio 
soy:milk protein is between 50:50 and 88:12, the growth of soy-fed calves was up to 85% of the 
control calves. However, when solid feed was also offered the growth rate of the calves fed soy 
protein improved, probably due to a higher ingestion and absorption of digestible nutrients 
(Nitsan et al., 1972).  
 Protein efficiency and ADG were lower in calves fed MR when the only source of 
protein was SPC, defatted, or full-fat soy flour than calves fed with dried skim milk powder. 
There were no differences on incidence of diarrhea and authors concluded that the differences of 
performance were a consequence of  poor protein digestibility and protein retention (Akinyele 
and Harshbarger, 1983). Abdelgadir et al. (1984) also found lower nitrogen retention and weight 
gain when calves were fed raw in comparison with heated soybean. Guilloteau et al. (1986a) 
reported lower weight gain with SPC instead of skim milk as well. However, in their study, 
results were confounded by the inclusion of whey in the MR containing SPC, and calves in the 
SPC-group had a much lower MR intake due to greater refusals in this group. Dawson et al.  
(1988) compared the effects on growth of milk protein (whey) against different soy products: 
SPC, heated, and toasted (26, 33 and 33% inclusion, respectively) soy flour. Growth until 6 wk 
of life, especially during the first 3 wk, was superior for calves fed only milk proteins in 
comparison with calves fed any of the soy products. Among those, toasted soy flour and SPC 
obtained better results than just heated soy flour. Substitution of 60% of the whey protein with 
SPC resulted in lower ADG (0.344 vs 0.281 kg/d) even when SPC was supplemented with Gln 
(0.282 kg/d; Drackley et al., 2006). Heated and ethanol- or hexane-extracted SPC at an inclusion 
rate in MR of 18.5 and 5.5%, respectively, reduced calf weight gain and increased diarrhea 
incidence plus heart and respiration rates (Gardner et al., 1990). Even a novel feed ingredient 
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such as soymilk has been tested as an alternative to milk proteins (Ghorbani et al., 2007). 
Soymilk is obtained by extraction of the protein concentrate after cooking soybeans in water 
(Ghorbani et al., 2007). An inclusion of 25% soymilk (wet basis) resulted in a substantially lower 
(but non-significant) ADG (425 vs 331 g/d) in the first 2 wk, whereas calves fed the MR with a 
50% inclusion did show a significantly lower ADG (425 vs 90 g/d). Soymilk-fed calves (25 and 
50% inclusion), reached the weaning criterion (intake of 900 g/d for 2 wk) sooner but with lower 
BW. Probably, due to the low nutrient content and high concentration of ANF in soymilk 
(Anderson and Wolf, 1995), intake of starter was crucial to sustain this moderate performance 
results.   
 On the other hand, Grant et al. (1989) found no effect of the diet on growth or fecal 
scores with an inclusion of 15% of SPC (20% of the protein). Also, Huang at al. (2015) supplied 
70% of the protein in the MR with SPC and found no differences on ADG or feed efficiency. 
Even more, a diet with 86% of the protein substituted by a soy protein isolate nearly free of 
trypsin inhibitor produced the same growth rates and no diarrhea incidence than calves on an all-
milk diet (Gorrill and Thomas, 1967). In contrast, in the same study calves fed a MR with lower 
inclusion of a SPC (50%) manifested very high incidence of diarrhea and lower rates of weight 
gain due to a higher concentration of trypsin inhibitors (Gorrill and Thomas, 1967). Mir et al. 
(1991) also demonstrated the relevance of proper processing of the soy protein included in MR. 
In this case, 43% of the protein was substituted with several soy products. Extruded, ethanol-
extracted, and fermented soy protein obtained similar results as the all-milk diet in terms of 
weight gain, feed and protein efficiency, whereas just heated soy protein did not (Mir et al., 
1991). Lallès et al. (1995b) clearly showed that calves fed non-antigenic soybean flour or 
concentrate gained more weight than their counterparts fed the antigenic versions of the same 
soy products. Not only are the removal of antigenic proteins and PI important for a successful 
calf performance, further processing that improves digestibility by denaturing protein such as 
fermentation (Mir et al., 1991) and hydrolysis (Lallès et al., 1995b) seem to obtain consistently 
better growth rates than other soy processed products. In a different study, Lallès et al. (1995c) 
confirmed that feeding a MR with a hydrolyzed SPI that supplied 56% of the protein resulted in 
the same live and carcass weight as the all-milk group with no differences in diarrhea incidence 
as well. Supplementation of a MR with Bacillus subtilis natto that was extracted from FSBM, 
promoted a higher ADG (0.31 vs 0.35 kg/d), lower feed to gain ratio (2.58 vs 2.17) and reduced 
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the age to weaning (58.3 vs 51 d; Sun et al., 2010). Besides the improvement that Sun et al. 
(2010) found on the calf immune function (greater concentrations of serum IgG and IFN-γ), they 
also attributed these effects to the several benefits that as a probiotic B. subtilis natto has shown 
in other species in their digestive system. Kim et al. (2010) fed a calf starter with 5% of a 
Aspergillus oryzae-fermented SBM to preweaning calves and challenged them with a microbial 
infection (1 mL porcine Hog cholera and Erysipelothrix insidiossa live vaccine) at 21 d of age. 
There were no differences in DMI or weight gain in comparison with the control group (100% 
regular SBM). However, calves fed the FSBM showed an improved immune response to the 
microbial challenge as reflected by the lower incidence of diarrhea, the higher production of 
haptoglobin, and production of the antigen-specific serum protein IgA (Kim et al., 2010). 
Senevirathne et al. (2017) found a slight increase in pre- and post-weaning body weight gain 
with even less DMI, when feeding an aerobically FSBM with a non-yeast fungus. However, 
these results must be considered carefully since the experimental starter had greater CP content 
than the control, and they were comparing 2 different planes of nutrition as well.   
 At first glance, untreated soybean does not seem to greatly affect growth in calves with a 
fully functional rumen. Extrusion of soybean reduces ANF while increasing the content of rumen 
undegradable protein (Giallongo et al., 2015). However, ZeidAli-Nejad et al. (2018) found no 
differences on any of the measured growth parameters when calf starters with different 
inclusions of extruded SBM (0, 9, and 19%) were fed to calves either pre- and post-weaning. 
Nevertheless, sometimes minimally treated soybean protein does seem to increase nutrient 
efficiency and performance (Abdelgadir et al., 1984), especially when further processing like soy 
protein fermentation is applied.  Kim et al. (2012) included 5% of Aspergillus oryzae-fermented 
SBM in the calf starter. Calves fed FSBM consumed more starter before weaning and more milk 
until wk 4. Calves fed FSBM gained more weight from wk 4 until weaning and had smaller fecal 
and heath scores pre- and post-weaning. Furthermore, FSBM calves showed an attenuated 
response of pro-inflammatory cytokines (TNF-α and IL-6), acute-phase proteins (haptoglobin 
and serum amyloid A), and stress-related hormones (cortisol).  Similarly, Kwon et al. (2011) also 
found a better response of the immune system to a lipopolysaccharide (LPS) challenge in calves 
fed FSBM instead of regular SBM. Unlike the control group, calves on the FSBM diet showed 
no hematological change (platelet concentration). In addition, FSBM calves manifested lower 
release of cortisol, higher concentration of the LPS specific IgG and IgA, and higher increase in 
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serum haptoglobin concentration than the SBM group. On the other hand, Wolfswinkel et al. 
(2009) found no differences on calf performance or in vitro immune response between calves fed 
A. oryzae and  B. subtilis-fermented SBM or regular SBM. However, in this last study the high 
proportion of “sick” calves (59% of the calves) and the very early weaning age (~22 d of age) 
potentially could have hid any possible diet effect. Nevertheless, despite the multiple bioactive 
compounds in FSBM that could boost the immune response in these studies (Chatterjee et al., 
2018), just the greater concentration of AA present in FSBM from the fermentation itself 
(Chompreeda and Fields, 1984; Kim et al., 2012), probably played an important role on the 
better immune system response to stress (Kwon et al., 2011). 
CONCLUSIONS 
The great diversity of soy products and inclusion rates evaluated so far in the literature 
make it difficult to draw any definitive conclusion about the effectiveness of soy protein in 
young dairy calves. The different parameters involved in each of the soy processing methods can 
definitely have a major impact on the efficient removal of ANF and antigenic proteins, and 
therefore in the performance of the calves. While a moderate to high inclusion of a SPI or 
ethanol-extracted SPC can obtain satisfactory results, the few studies were FSBM was fed show 
a very promising future for this type of ingredient. Besides the sometimes inefficient reduction of 
ANF, conventional processing methods are only able to increase the proportion of rumen 
undegradable protein that reaches the small intestine. However, fermentation increases the 
concentration of AA and small peptides, and triggers the release of still unexplored bioactive 
compounds that can benefit multiple aspects of the calf immune and digestive system. Microbial 
treatment of soy-based feed ingredients not only constitutes an excellent alternative to 
conventionally treated soy proteins during the transition and post-weaning period, but could 
possibly be a substitute for milk proteins in MR; therefore, more research is needed with that 
purpose. Regardless of the treatment of choice, the antique literature about soy protein as an 
alternative to milk proteins may not represent optimally the modern offer of soybean treatments. 
In addition, the older research lacks more reliable experimental design, sample sizes, and 
accurate digestibility measurement techniques. Further research in this area seems promising and 
its outcome could represent a big opportunity for the calf raising industry to access a more 











subs.4 Effects5 Age/Length6 
#calves / 
diet Reference 
Liquid WM  
SF 60% ↑ Diarrhea incidence; ↓protease activity; ↓ ADG; ↓ in vitro protein digestibility. 3-5 d /1, 3 or 
5-6 wk 
9 
Gorrill and Thomas, 
1967 SPC 86% No differences. 
Liquid WP + SMP SPC 70% ↓ TTD (DM, N, energy). 3-5 d / 7 wk 3 
Gorrill and 
Nicholson, 1969; exp. 
1 
Liquid WP + SMP 
SPC 44% ↓ BW. 
7 d / 6 wk 6 Morrill et al., 1971 
SPC 22% ↑ BW. 
Liquid WP + SMP SPC 70% ↓ AID (N, energy); ↓ diarrhea incidence. 3-5 d / 7 wk 6 
Gorrill and 
Nicholson, 1972; exp. 
1 
Liquid WP + SMP 
SPC 65% ↓ BW; ↓ TTD (CP, fat, ash); ↑ BUN after feeding. 
7-10 d / 42 d 6 
Nitsan et al., 1972; 
exp. 4 
SBM 73% ↓ BW; ↓ TTD [CP, fat, ash, N-free extract (wk 3)]; ↓ TTD of soy protein than 
SPC-based diet. 
Liquid SMP  
SPC 100% ↓ TTD (DM,CP, EE, Ash) at 10-15 d; =TTD (DM,EE), ↓TTD (CP, Ash) at 30-
35 d; ↓ N retention, ↓ ADG at 10-15 d; ↓ADG at 30-35 d; ↓PER. 




trial 1 Full-fat SF 100% ↓ TTD (DM,CP, EE, Ash); ↓ N retention; ↓ ADG; ↓ PER.  
Liquid SMP  
SPC 100% ↓ TTD (DM,CP, EE, Ash); ↓ N retention, ↓ ADG at 10-15 d; ↓PER. 




Defatted SF 100% ↓ TTD (DM,CP, EE, Ash); ↓ N retention; ↓ ADG; ↓PER. 
Liquid WP + SMP 
SPC 18% ↓ ADG; ↓ abomasun weight; ↓ trypsin and chymotrypsin activity; ↑ lipase 
activity; ↓ GIP, secretin and ↑ CCK in plasma. 8 wk / 11 wk 16 
Guilloteau et al., 
1986a 
SPC 63% No effects. 
Liquid WP 
heated SF 75% ↓ADG; ↑ villous atrophy; ↑ globulin specifics [IgG]; ↓ N retention.  
3 d / 6 wk 8 Dawson et al., 1988 SPC 75% ↓ADG; ↑ villous atrophy; ↑ globulin specifics [IgG]; ↓ N retention.  
Steamed7 75% ↓ADG; ↑ villous atrophy; ↑ globulin specifics [IgG]; ↓ N retention.  
Liquid WP 
heated SF 75% ↓ADG; ↓ TTD (CP, DM). 
3 d / 6 wk 10 Dawson et al., 1988 SPC 75% ↓ADG; ↓ TTD (CP, DM). 
Steamed7 75% ↓ADG; ↓ TTD (CP, DM). 
Liquid WP + SMP SPC 20% 
↓ Intestinal absorption (xylose); ↓ mucosal protein (jejunum); ↓ mitotic index in 
epithelium. 
3 d / 18 d 4 Grant et al., 1989 
Liquid SMP 
SPI 50% ↓ Trypsin concentration in pancreatic juice. 
24-28 d / 13 d 9 Khorasani et al., 1989 
SPI 100% ↓ AID (CP, AA); ↑ ileal flow rate; ↓ trypsin concentration in pancreatic juice. 
Liquid WM 
SPC 18.5%1 ↓ ADG; ↑ resp. and heart rates; ↑ mortality. 
3 d / 6 wk 20 Gardner et al., 1990 
Hexane-SPC 15 %1 ↓ ADG; ↑ resp. and heart rates; ↑ mortality. 
Liquid SMP 
Heated SBM 43% ↓ ADG; ↓ feed and protein efficiency. 
6 - 18 - 30 d / 
20 d 12 Mir et al., 1991 
Extruded SBM 43% ↓ Fecal DM %. 
SPC 43% No differences. 
FSBM 43% ↓ Fecal DM %.  
Liquid SMP 
heated SF 50% ↓AID (OM, CP, AA-N). 
2-3 m / 2 wk 6 Caugant et al., 1993 




Heated SBM 43% ↓ Intestinal absorption (xylose; 33 and 45 d); ↓ anti-soya antibodies; ↓ IgG1 and 
IgG2 (30 d).  
6 - 18 - 30 d / 
20 d 
12 Mir et al., 1993 
Extruded SBM 43% ↓ Intestinal absorption (xylose; 21, 33 and 45 d); ↓ anti-soya antibodies; ↑ IgM 
(18 d); ↓ IgG2 (30 d); ↓ IgA (6 d). 
SPC 43% ↓ Intestinal absorption (xylose; 33d); ↑ IgG1 (18 d); ↓ IgM (30 d). 
FSBM 43% ↓ Intestinal absorption (xylose; 33 and 45 d); ↓ IgG1 and IgM (6 d); ↓ IgG2 (30 
d). 
Liquid SMP 
Heated SF 50% ↓ AID (OM, CP, ash); ↑ residual immunoreactive globulins at the ileum. 8-10 wk / 2 
wk 
6 Tukur et al., 1993 
SPC 50% No differences. 
Liquid SMP Heated SF 70% 
↑ Anti-soya antibodies; ↑ number of MMC (duodenum and jejunum); ↓ size of 
24 h skin reactions to β-conglycinin. 





100% No differences. 





100% ↑ ADG (before d 67); ↑ gain : feed (before d 67); ↑ TTD [OM, N (before d 67), 
N-free extract]; ↑ retention of Ca (before d 67) and P (d 67 - d 102); ↑ anti-soya 
antibody production. 
Liquid SMP 
Hydrolyzed SPI 72% ↑ Postprandial plasma triglycerides; ↓ postprandial plasma glucose. 
30 d / 104 d 7 Lallès et al., 1995c 
Heated SF 72% ↓ ADG; ↓ gain : feed; ↓ carcass weight; ↓ TTD [DM,OM,N, Fat (65 -70 d), N-
free extract, ash, Ca and P]; ↓ retention of N (9 - 14 d) and Ca; ↑ postprandial 
plasma triglycerides; ↓ small intestine permeability to xylose; ↑ anti-soya 
antibodies. 








Heated SF 50% ↑ Duodenal flow of immunoreactive soy globulins; ↑ duodenal digesta pH. 
12 wk / 2 wk 5 Lallès et al., 1999 
SPC 50% ↑ Duodenal digesta pH. 
Liquid SMP 
SPC 40% ↓ AID (OM, ash, ΣAA†); ↑ Flow endogenous bacterial protein; ↓ SID (CP, 
ΣAA†); ↓ TID (CP†, ΣAA). 
8 wk / 9 d 10 Montagne et al., 2001 
Partially 
hydrolyzed SPI 
50% ↓ AID (OM†, CP, ΣAA); ↑ Flow endogenous bacterial protein; ↓ SID (CP, 
ΣAA); ↓ TID (CP, ΣAA). 
Liquid SMP 
SPC 40% ↑ Flow of undigested CP, peptide and AA at the ileum.  
8 wk / 9 d 10 Montagne et al., 2003 Partially 
hydrolyzed SPI 
50% 
↑ Flow of undigested CP, peptide and AA at the ileum.  
Liquid WP SPC 60% 
↓ADG; ↓ gain : feed; ↓ jejunum villus height and crypt depth; ↓ ileum villus 
height. 
3 d / 28 d 10 Drackley et al., 2006 
Liquid WM 
Soymilk8 20% ↓BW at weaning. 
3 d / 49 d 6 Ghorbani et al., 2007 
Soymilk8 42% ↓DMI; ↓ ADG; ↓ gain : feed; ↓ BW and DMI @ weaning. 
Liquid MP1 SPC 70% ↓ Gain : feed (d 57 to d 63). 21 d / 42 d 10 Huang et al., 2015 
Liquid WP SPC 50% ↓ ADG. 2-5 d / 56 d 25 Raeth et al., 2016 
Solid SBM FSBM 32% 
↓ Diarrhea incidence and severity; ↑ neutrophil : lymphocyte (5 d post-MI); ↓ 
total and antigen-specific IgG (post-MI); ↑ antigen-specific IgA (5 d post-MI); 
↑ Hp (3 d post-MI). 
7 d / 6 wk 6 Kim et al., 2010 
Solid SBM FSBM 100% 
↓ platelet (d 12 and 19 post-LPS challenge); ↓ cortisol (d 1 after milk reduction 
and d 8 post-LPS challenge); ↑ LPS-specific IgG (d 12 and 19 post-LPS 
challenge); ↑ Hp (d 8 post-LPS challenge). 
3 d / 65 d 8 Kwon et al., 2011 
Solid SBM FSBM 32% 
↑ ADG (wk 4); ↑ CS intake (wk 4 and 6); ↑ WM intake (wk 2 to 4); ↓ fecal (wk 
4 to 7) and health (wk 4 to 6) scores; ↓ neutrophil: lymphocyte (5 DPW); ↓ 
TNF-α and IL-6 (3 DPW); ↓ IgG (-2 and 5 DPW); ↓ SAA (3 DPW); ↑ Hp (1 
DPW); ↓ cortisol (3 DPW). 
7 d / 6 wk 9 Kim et al., 2012 
Table 1. (cont.) 
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Solid Raw SB 
ground + heated 
(138°C) 
100% ↑ N retention. 
10-15 wk / 5 d 4 
Abdelgadir, 1984; 
trial 1 
ground + heated 
(138°C) + 
tempering  
100% ↑ N retention. 
ground + heated 
(171°C) 
100% ↑ N retention. 
Solid Raw SB 
ground + heated 
(138°C) 
100% No differences. 




ground + heated 
(171°C) 
100% ↑ ADG. 
ground + heated 
(191°C) 
100% No differences. 
SBM 100% No differences.  
Solid SBM FSBM 100% No differences. 12 d / 6 wk 33 Wolfswinkel, 2009 
Solid SBM MESP9 100% ↓ Starter intake; ↑ TTD (CP). 2 d / 12 wk 12 
Senevirathne et al., 
2017 
Solid SBM 
Extruded SBM 33% No differences. 
4 d / 66 d 15 
Zeidali-Nejad et al., 
2018 Extruded SBM 46% ↓ DMI, ME and CP (post-weaning). 
1Form of the diet in which the experimental and control ingredients were compared in which: whole milk or milk replacer (liquid) or calf starter (solid). 
2Ingredient used as a control to compare with the experimental soy product; WM = whole milk, SMP = skim milk protein, WP = whey protein, SF = soy flour; SPC = soy protein 
concentrate; SBM = soybean meal; SB = soybean. 
3Experimental soy product used to substitute the crude protein provided by the control ingredient totally or partially; SF = soy flour, SPC = soy protein concentrate (ethanol- 
extracted unless stated otherwise); SBM = toasted soybean meal, SPI = soy protein isolate; FSBM = fermented soybean meal. 
4Percentage of crude protein in the diet from the control ingredient substituted by the experimental soy product.  
5Differential effects reported with the diet containing the experimental soy product against the diet with the control ingredient; TTD = total tract digestibility, PER = protein 
efficiency ratio, GIP = gastric inhibitory peptide, CCK = cholecystokinin, MMC = migrating myoelectric complexes, MI = microbial infection, Hp = haptoglobin, DPW = days 
post-weaning, TNF = tumor necrosis factor.  
6Age of the calves at the beginning of the experimental period and length of the experimental period. 
7Raw, dehulled, defatted soy flakes with 10% added moisture were steamed (100°C) for 60 minutes, and dried, grounded and milled thereafter. 
8Soybeans were soaked in deionized water for 18 h and then cooked at 98°C for 10 min. Soybean were fractured and homogenized with water afterwards. The homogenate was 
centrifuged extract soymilk and separate the major protein concentrate. The extracted soymilk was transferred and exposed to vacuum under steam pressure. The resultant soymilk 
was deodorized, decontaminated, and finally pasteurized at 78°C before use. 
9MESP = microbially enhanced soy protein (obtained after aerobic incubation with a non-yeast fungus). 
†The p-value of the difference for this variable was considered only a tendency according with the criteria 0.1 > P > 0.05.   
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CHAPTER 2:  ESTABLISHMENT OF AN ILEAL CANNULATION TECHNIQUE IN 
PREWEANING CALVES AND USE OF A PIECEWISE REGRESSION APPROACH TO 
EVALUATE EFFECTS ON GROWTH AND PH FLUCTUATION OF ILEAL DIGESTA. 
ABSTRACT 
Digestibilities of nutrients, especially protein, are crucial characteristics of milk replacers 
in a calf-rearing program. Endogenous synthesis of proteins and microbial fermentation in the 
large intestine alter apparent total tract digestibility of amino acids (AA). Therefore, collection of 
digesta samples at the end of the ileum is the only method to estimate true small intestinal 
digestibility of AA. The aim of this work was to evaluate the effectiveness of inserting a T-
cannula into the distal ileum of preweaning calves for use in digestibility studies. A second 
objective was to evaluate the use of a “broken-line” statistical model to compare treatment effects 
on calf growth and digesta pH. A T-cannula was surgically installed in the terminal ileum of 2 
calves approximately 5 cm anterior to the ileocecal junction at 15 d of age, and 2 paired non-
cannulated calves were used as controls. Cannulation did not affect mean BW, ADG, milk and 
water intakes, and body frame dimensions. However, final BW (89.2 vs 94.6 kg) was lower and 
starter intake (0.06 vs 0.21 kg/d) tended to be decreased in cannulated calves when compared with 
control calves. No effects on health scores, rectal temperature, or the odds of incurring diarrhea or 
being medicated were observed. Flow of digesta (46.4 ± 0.04 g/h) increased linearly after feeding, 
whereas there was a quadratic effect of time on digesta pH with the nadir at approximately 8.5 h 
post-feeding. The “broken-line” model successfully fitted daily fluctuations of pH, and allowed us 
to detect differences in growth slopes between cannulated and control calves. Despite the 
expected negative effect on BW, we conclude that this technique permitted sampling of 
representative ileal digesta while allowing satisfactory growth and health of the calves. 
INTRODUCTION 
Calves are born with a reticular groove that enables milk to reach the abomasum, thereby 
bypassing the rumen (Meale et al., 2017). At birth, the rumen is not completely developed 
(Baldwin et al., 2004). Although the size (Warner et al., 1956) and metabolic activity of the rumen 
increase quickly (Rey et al., 2012), the rumen itself will not be fully functional until at least 60 d 
of age (Eckert et al., 2015). Because of the lack of microbial fermentation in the rumen, 
preruminant calves rely solely on AA from the feed to support growth (Hill et al., 2008). As long 
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as energy is not limiting, body deposition of protein increases linearly as a function of dietary AA 
absorption (Drackley, 2008). The use of plant-based protein has increased in the last decades at 
the expense of milk proteins (Gro Intelligence, 2017). The apparent digestibility of plant protein 
in milk replacers, however, is generally lower in comparison with milk proteins (Guilloteau et al., 
1986). This difference is caused by several factors including the effect of protein source on 
abomasal emptying, digestive secretions, rate of absorption, intestinal morphology and 
permeability, and flow of digesta (Lallès, 1993; Drackley, 2008). Plant proteins also can decrease 
apparent digestibility of AA due to a greater synthesis of endogenous protein (Montagne et al., 
2000), or because of the presence of antinutritional factors that alter digestive and absorptive 
capacity of the intestinal epithelium (Lallès et al., 1999). Moreover, microbial fermentation in the 
large intestine alters the AA profile in feces independent of the dietary AA supply (Khorasani et 
al., 1989). Consequently, as recommended in pigs (Stein et al., 2007), collecting ileal digesta 
samples in young pre-weaning dairy calves is necessary to accurately determine true ileal 
digestibility of feed ingredients. Research using this technique was abundant in the past (e.g., 
Smith, 1962; Gorrill and Nicholson, 1972), but to our knowledge only one experiment using this 
technique has been reported in the last 2 decades (Montagne et al., 2003). The considerably 
greater milk allowance recommended today (Schäff et al., 2018), and the availability of nutritive 
supplements (Górka et al., 2018) and advanced plant-based alternative proteins (Cervantes-Pahm 
and Stein, 2010; Senevirathne et al., 2017) make it necessary to revisit the digestive physiology of 
young preruminant calves. 
Piecewise or “broken-line” regression models are used with non-linear data. Broken-line 
models are characterized by lines or curves connected by joint points called knots (Schwarz, 
2014). Each line or curve is a continuous function that represents one piece of the polynomial 
function (Marsh and Cormier, 2002). The knots allow the function to better fit the data (Hurley et 
al., 2006). Piecewise regression models are composed of plateaus (a0) and one or several slopes 
(b1, b2) delimited by knots (x´). The model predicting a dependent variable (yi) from an 
independent variable (xi) can be written as: 
yi = a0 + b1  min (xi, x´) + b2  max (0, xi - x´) + ei 
The best location for a knot can be estimated by parametrically varying x´ to find the value that 
results in the lowest residual sum of squares (Schwarz, 2014). 
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Our first objective was to adapt and validate a cannulation and sampling technique widely 
used in pigs (Stein et al., 1998) to 15-d old calves, and to evaluate the effect of the cannulation 
procedure on growth and health of calves. Our second objective was to characterize the flow of 
ileal digesta pH by applying a broken-line regression model to the data. To our knowledge, the 
opportunities provided by this model have not been explored extensively in calves or in other 
biological models (Shafii et al., 1990; Robbins et al., 2006). 
MATERIALS AND METHODS 
The Institutional Animal Care and Use Committee at the University of Illinois at Urbana-
Champaign approved all animal procedures (protocol #15167). Six male Holstein calves were 
acquired from a commercial dairy farm and enrolled at approximately 2 d of age. Calves were 
blocked by BW and assigned randomly to either treatment (cannulation) or control (no 
cannulation). One of the calves in the control group died at 8 d due to a clostridial infection and 
was not replaced. Calves were housed individually outdoors in PVC hutches that were bedded 
with straw. All calves were fed 2x daily a commercial milk replacer (28.5% CP, 15% fat) 
reconstituted to 15% solids, at a rate of 2% (DM) of BW, adjusted weekly. A texturized calf 
starter (20% CP) was offered for ad libitum intake only from wk 6 until the end of the trial to 
verify that the amount of digesta collected during the milk-only phase was sufficient for nutrient 
analysis. Weaning started on d 49 by progressive dilution of milk replacer until the end of the trial 
(d 56). Body weight and body frame measurements were recorded weekly while water, milk, and 
starter intakes were measured daily.  
Surgery was performed on d 15 after arrival. Calves were not fed the morning of the 
surgery to avoid seepage of gastrointestinal contents into the abdominal cavity. However, a 
solution (2 L/calf) containing electrolytes was offered to keep calves properly hydrated. Antibiotic 
injections of penicillin (22,000 IU/kg) were administered at 24 h, 12 h, and immediately before 
the surgery. Immediately before surgery, an analgesic (flunixin meglumine) was injected 
intravenously (IV) at a dose of 1 mL per 45 kg of BW. Calves were anesthetized with xylazine 
(0.15 mg/kg of BW) and ketamine (3 mg/kg of BW) combined in a single IV injection, followed 
by immediate endotracheal intubation. Anesthesia was maintained with isoflurane (2 to 5% 
isoflurane in oxygen) using mechanical ventilation. The incision area was shaved with an electric 
razor and then cleansed with repeated applications of alcohol and povidone-iodine. Sterile drapes 
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were used to protect the surgery site. A sterile scalpel was used to make an incision through the 
skin layer approximately 4 cm posterior to the last rib on the right side of the animal. Muscle 
layers were mechanically separated by hand, exposing the peritoneum. A scalpel was used to 
carefully cut the peritoneum and locate the intestinal area approximately 5 cm anterior to the 
ileocecal junction, where the incision for the T-cannula was made. A purse string suture was then 
inserted into the submucosa of the ileum using 2/0 absorbable chromic gut suture and a 4-cm 
incision in the intestine was made inside the purse string. A titanium T-cannula, designed as 
described by Stein et al. (1998), was inserted into the opening and the suture was pulled tight to 
secure the cannula. A second reinforcing suture using 2/0 absorbable chromic gut was used to 
further secure the cannula. The barrel of the cannula was exteriorized through a stab wound 
anterior to the original incision. The cannula was pulled through this incision with the aid of tissue 
forceps. A plastic washer and a metal lock washer were screwed onto the threaded barrel to secure 
the exteriorized cannula, and a cap was placed on the top of the cannula to prevent digesta 
seepage. Penicillin was dripped into the body cavity (approximately 1 mL per 10 kg of BW) 
through the initial incision to reduce the risk of tissue infection. The peritoneum layer was closed 
with 2/0 absorbable chromic gut suture in a continual pattern. Muscle, fat, and skin layers were 
sewn in an interrupted pattern using 0/0 synthetic absorbable suture. Each surgery took 
approximately 20 min. Once calves had recovered from the anesthesia, they were moved back to 
their hutches. Analgesics were administered IV during 3 d and penicillin during 7 d after the 
surgery, every 12 h. An ointment with 1% chlorhexidine (Nolvasan, Zoetis, Inc., Parsippany, NJ) 
was applied to the incision site, which was sprayed with an aluminium-based aerosol bandage 
(AluShield, Neogen, Lexington, KY) immediately following surgery. In addition, the area of the 
incision site and the skin around the cannula were washed with povidone-iodine solution and a 
zinc oxide-lanolin based cream (Desitin, Pfizer, Inc., New York, NY) was applied twice daily or 
more often if needed to minimize irritation and maintain skin integrity during the experiment. 
Animals returned to full feeding the evening of the day of the surgery. Calves were offered 
electrolyte solution (~2 L/d per calf) between meals (at noon) during the initial 15 d post-surgery. 
Body temperature was monitored 3 times daily during the initial 7 d post-surgery and daily 
thereafter. 
After the 2-wk recovery period, digesta samples were collected in weekly periods during 4 
wk. During each sampling period, a 250-mL plastic bag (Playtex, North Bergen, NJ) was attached 
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to the cannula with an auto-locking cable tie after removing the cap.  Bags were removed when 
full or every 30 min continuously during 12 h (between the a.m. and p.m. meals) for 2 consecutive 
days. The content of each bag was weighed, the digesta pH was recorded immediately with a 
portable pH meter (Accumet AP110, Fisher Scientific, Atlanta, GA), and the digesta sample was 
frozen at -20°C. Samples were pooled within calf by week. Cannulated calves were euthanized at 
56 d of age.  
Variables for BW, body frame measurements, and intakes recorded during the 6 wk after 
the surgery (starting at d 15), were analyzed using the PROC MIXED procedure in SAS (v. 9.4, 
SAS Institute Inc., Cary, NC) including the REPEATED statement. The covariance structure that 
resulted in the smallest Bayesian and Akaike information criterion was chosen. Treatment, week, 
and their interaction were included as fixed effects while calf was included as a random effect. 
Initial values (at wk 2) were included as covariates. Weekly BW and pH values were fit to the best 
broken-line model based on the adjusted R2 values, significance of the parameter estimates, and 
visual appraisal of the residuals using NLREG [v. 6.5, Brentwood, TN; Sherrod (1991)].  Weekly 
BW increase was fitted in a broken-line model according to the equation: 
 BW = [b1 * max(0, age - c1)] + [a0 + (b2 - b1) * min(age, c2)]   [ 1 ] 
where a0 is the intercept (initial BW), b1 and b2 represent the different growth slopes, c1 and c2  
represent the time points that delimit a change in slope, and age is the week of life. A set of 
dummy variables was created to compare parameters of the BW evolution model between 
cannulated and non-cannulated calves. Digesta pH also was fitted in a broken-line model using the 
equation: 
 pH = [a0 + b1*max(0,time - c1)] + [(b2 - b1)*max(0,time - c2)] [ 2 ] 
where a0 is the estimate of initial pH at plateau, b1 and b2 are the 2 different slopes, c1 and c2 are 
the estimates of the time points where a significant change in slope occurs, and time is the hour 
post-feeding after the morning meal. 
RESULTS AND DISCUSSION 
Flow of digesta samples (46.4 ± 0.04 g/h) tended (P = 0.08) to increase linearly after 
feeding, while there was a quadratic effect of time (P < 0.01) on digesta pH (Figure 1). There 
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were no differences across weeks or between cannulated calves in fresh weight (0.72 ± 0.13 
kg/wk), DM content (12.4 ± 1.2 %), or pH (7.1 ± 0.6) of digesta. According to the parameter 
estimates obtained after fitting pH of digesta samples per hour to the model (Figure 1), the initial 
pH of 7.47 was maintained until 5.45 h after the a.m. feeding. After that point, pH decreased at a 
rate of 0.34 pH units/h until 8.69 h post-feeding when pH began to increase at a rate of 0.33 
units/h. A similar fluctuation between meals has been observed in other studies with milk-fed 
calves (Guilloteau et al., 1986). Despite the relatively low adjusted R2 of the model (Figure 1) and 
the inherently high relative error when comparing pH means (Murphy, 1982), this model allowed 
prediction of fluctuations of ileal pH between meals.  
Ileal digesta pH fluctuation can provide information about abomasal digestion of different 
sources of nutrients in milk replacer (Guilloteau et al., 1986). For instance, the time for the first 
chyme that leaves the abomasum  to reach the ileum after feeding could be identified as the break 
point estimate representing the first decrease in baseline pH (c1 = 5.45 h), because the digesta 
passing through at that moment carries the acid from gastric digestion. Assuming a constant 
transit across the small intestine, this parameter would allow us to evaluate differences on timing 
of the abomasal release of digesta. Factors such as the presence or not of curd formation in the 
abomasum modify abomasal flow between different milk replacer components (Petit et al., 1987). 
In addition, considering the relation between fluctuation of abomasal digesta pH and abomasal 
outflow (Sen et al., 2006), a rough estimate of abomasal emptying duration could be estimated by 
measuring the time that digesta pH remained lower, i.e., from the pH at the initial plateau until the 
end of the negative slope (c2 – c1 = 4.05 h). According to the literature, abomasal emptying time 
following 2 L of milk replacer intake is between 3.16 and 3.43 h (Sen et al., 2006; Nouri and 
Constable, 2007; Marshall et al., 2008). Since feeding larger volumes of milk may slow abomasal 
emptying (Burgstaller et al., 2017), our estimate of 4.05 h seems appropiate considering we fed an 
average of 4 L per feeding. This estimate may be a beneficial parameter to record in digestibility 
experiments because of the effect that different milk replacer ingredients may have in changing 
abomasal emptying rate, and its implications on nutrient digestion and digestive health 
(Burgstaller et al., 2017).  
Even though continuous collection of digesta during 12 h seems be a good procedure to 
capture the entire daily fluctuation of digesta pH, restricting the collection of digesta to a reduced 
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interval of time can be sufficient to measure ileal digestibility. Kim et al. (2016) found in ileal-
cannulated pigs that 6 h of continuous collection starting 4 or 6 h after feeding provided similar 
estimates of standard ileal digestibilities of AA when compared with a 12-h continuous collection 
period. A shorter collection period would reduce considerably the labor requirement, but further 
research is needed in order to assess if shorter sampling intervals can be applied to milk-fed 
calves.  
One cannulated calf died on d 4 post-surgery due to a fibrinous peritonitis in the peritoneal 
cavity. Therefore, at the beginning of the measuring period there were only 2 calves in each group 
(n = 2). While we acknowledge the limitations of the small number of calves, we compared 
intakes and growth between cannulated calves and paired non-cannulated calves. Initial BW, 
mean BW, ADG, milk replacer intake, and water intake were not affected by cannulation (Table 
2). However, final BW was lower (P = 0.05) and starter intake tended (P = 0.06) to be lower in 
cannulated calves. Differences in starter intake occurred because one of the cannulated calves did 
not consume any solid feed during the trial. There were no effects on health (fecal, nasal, 
respiratory, and ear scores), rectal temperature, or the odds of incurring diarrhea (P = 0.57) or 
being medicated (P = 0.35). The broken-line regression model (equation 1) adequately fit the BW 
data set, explaining 99% of the variation. Comparison of the model parameters revealed a 
tendency for slower rate of growth in cannulated calves after approximately 2.5 wk, which 
reflected the effect of surgery during their second week of life (Table 2), in agreement with the 
difference in final BW found with the mixed linear model analysis.  
The broken-line regression approach allowed parameterization of both growth and pH 
models. Broken-line regression models usually have been used to estimate nutrient requirements 
in dose-response studies (Robbins et al., 2006), because the break point or knot estimates allow 
identification of when a significant change in slope exists. The same principle can be applied 
when measuring the response to a continuous variable like temperature (Hammami et al., 2013) or 
time, as we did in this analysis. In our study, the broken-line regression was a convenient tool to 
evaluate the growth rate after surgery and could help to identify differences in pH fluctuation and 




Despite an expected negative effect on final BW and growth rate after surgery, the 
cannulation and sampling technique permitted collection of sufficient ileal digesta while allowing 
satisfactory growth and health of the calves. Unlike methodology applied in the past such as re-
entrant cannulas (Markowitz et al., 1964) or continuous milk replacer infusion into the abomasum 
(Montagne et al., 2000), continuous collection of digesta between meals is a convenient technique 
that reduces labor requirement and minimally disrupts the regular behavior and digestive transit of 
the calves. In addition, the collection method used in the current experiment seems to provide 
reliable data for digestive tract transit between meals because it allowed an accurate depiction of 
fluctuation of pH in the digesta reaching the distal ileum between meals. The pH fluctuation 
patterns are an important component of understanding dietary effects on digestion, and also could 




TABLE AND FIGURE 
 
 Table 2. Least squares means and parameter estimates for effects of ileal cannulation on rectal temperature, intake, and 
BW.    
Treatments1 
 
P - values 
Item Cannulated 
Non-
Cannulated SE  Trt2 Day Week Trt*Day Trt*Week 
Rectal temp., °C 38.35 38.35 0.23 0.99 0.49 -- 0.72 -- 
Water intake, kg/d 1.02 0.85 0.64 0.67 <0.01 -- 0.48 -- 
Milk replacer intake, kg/d 1.30 1.32 0.04 0.73 <0.01 -- 0.41 -- 
Starter intake, 3 kg/d                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     0.06 0.21 0.01 0.06 0.43 -- 0.60 --
DMI, kg/d 1.28 1.36 0.08 0.51 -- <0.01 -- 0.38 
Initial BW, kg (wk 2) 54.4 54.1 1.41 0.86 -- -- -- -- 
Final BW, kg 89.2b 94.6a 2.9 0.05 -- -- -- -- 
Mean BW, kg 73.3 76.1 1.5 0.31 -- <0.01 -- 0.27 
ADG, kg/d 0.75 0.89 0.07 0.14 -- <0.01 -- 0.73 
BW model parameters4 47.3 46.5 1.37 0.59 -- -- -- -- 
  Initial BW at plateau, kg 2.68 3.70 0.95 0.31 -- -- -- -- 
  1st slope, kg/wk 2.82 2.52 0.82 0.72 -- -- -- -- 
  Age at slope change, wk 6.91 7.77 0.41 0.07 -- -- -- -- 
  2nd slope, kg/wk 7.00 7.00 NA5 NA5 -- -- -- -- 
  Age at growth recess, wk 47.3 46.5 1.37 0.59 -- -- -- -- 
a,bMeans within the same row with different subscripts differ (P < 0.05) between main effect treatment. 
1Two calves were cannulated on d 15 of life and 2 non-cannulated calves were used as controls. Both groups were fed milk 
replacer at a rate of 2% (DM basis) of BW daily.  
2Treatment. 
3Starter was offered from wk 6. 









Figure 1.  Ileal digesta pH fluctuation during 12 h after the morning feeding (milk replacer only) during 4 
weekly collection periods from wk 4 to 8 of life. Digesta pH per sample (●) was averaged by calf and hour 
(Calf #1,○ and calf #2, □) in order to estimate the non-linear broken-line model parameters (pH = 
(a0+b1*max(0,Time - c1)) + ((b2-b1)*max(0,Time - c2)); R2 = 0.7, P = <0.01). According to this equation, 
parameter estimates were: initial pH (a0) = 7.47, time at pH drop (c1) = 5.45 h, decreasing slope (b1) = -0.34 
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CHAPTER 3: ILEAL DIGESTIBILITY AND ENDOGENOUS PROTEIN LOSSES OF 
MILK REPLACERS BASED ON WHEY PROTEINS ALONE OR WITH AN ENZYME-
TREATED SOYBEAN MEAL IN YOUNG DAIRY CALVES. 
 
ABSTRACT  
Our objective was to measure and compare apparent (AID), standard (SID), and true ileal 
digestibility (TID) of crude protein (CP) and amino acids (AA) in milk replacers (MR) containing 
all milk proteins (WPC) or with 50% of the CP provided by an enzyme-treated soybean meal 
(ESBM). A T-cannula was placed in the ileum of 9 Holstein calves (8 males and 1 freemartin 
female) at approximately 15 d of age. After 2 wk post-surgery calves were randomly assigned to a 
3 ✕ 3 replicated Latin square with 5-d periods. Calves were fed twice daily at a rate of 2% (DM) of 
body weight (1.25 kg/d on average), reconstituted to 15% solids and adjusted weekly. No starter 
was offered to minimize rumen development. Digesta samples were collected continuously during 
12 h on d 4 and 5 of each period. Basal endogenous losses (ENDbasal) of AA and CP were 
estimated by feeding a nitrogen-free MR to each calf during 1 period. Total endogenous losses 
(basal + specific; ENDtotal) were estimated by multivariate regression of the χ
2 distances between 
digesta and reference protein AA profiles. Ileal digesta pH with the ESBM diet was lower than 
with WPC. According to the piecewise nonlinear model of pH fluctuation, digesta pH during 
ESBM decreased slower after feeding and reached its nadir later than with the WPC diet. Diet did 
not affect ADG, but calves on the ESBM diet showed a bigger increment of withers height and 
lower mean fecal scores.  The ENDbasal of AA and CP were 13.9 ± 1.1 and 22.4 ± 1.1 g/kg of 
DMI, respectively. The estimated ENDtotal of AA and CP were higher with ESBM than with 
WPC. Accordingly, AID and SID of most AA, CP, and total AA were lower or tended to be lower 
with ESBM. However, TID did not differ between diets for CP and all AA except Ala and Ile 
which was greater for WPC, and Arg which tended to be greater with ESBM. In agreement with 
the estimated differences in ENDtotal, we found that flows of digesta DNA and crude mucin were 
greater with ESBM. Substitution of 50% of the protein from whey with an enzymatically treated 
soybean meal did not affect major nutrient digestibility or calf growth and even improved fecal 
consistency. Adjusting digestibilities of CP and AA in MR by endogenous protein losses is crucial 
when comparing bioavailability of alternative proteins to milk proteins.  




Milk components are the most expensive ingredients in calf milk replacers (MR; Drackley, 
2008). Whey proteins and dried skim milk are among the most common milk derived ingredients 
utilized for calf MR, and therefore total or partial substitution of milk proteins by alternative 
protein sources can be economically beneficial (Raeth et al., 2016). In the actual economic 
situation, the price of soy protein remains less than whey protein (Gro Intelligence, 2017), and 
therefore it is still one of the most studied alternatives. However, soybean protein as a milk 
protein substitute in calf MR has not been completely satisfactory because of the presence of anti-
nutritional factors (ANF) in it (Lallès, 1993). Protease inhibitors, lectins, antigenic proteins, 
polyphenols, oligosaccharides, goitrogens, phytates, and saponins are among the ANF with a 
significant negative effect on calf performance (Huisman and Jansman, 1991).  
Microbial-treated soy protein has become a feed ingredient of interest for dairy calves due to 
its lower concentration of ANF (Chompreeda and Fields, 1984; Feng et al., 2007), the higher 
proportion of AA and small size peptides (Kim et al., 2010), and the presence of other beneficial 
bioactive compounds and peptides (Sun et al., 2010; Chatterjee et al., 2018). Microbial-treated soy 
protein seems to enhance the immune system in pre- and post-weaning calves (Kim et al., 2010, 
2012; Kwon et al., 2011) and improve weight gain through a better digestive enzyme activity and 
intestinal morphology (Kiers et al., 2003; Feng et al., 2007). Microbial-treated soy protein has 
been proven to constitute a satisfactory substitute for milk proteins in MR for young dairy calves 
(Mir et al., 1991) and even showed an elevated enzymatic digestibility in vitro (Kiers et al., 2000). 
This processing method can be achieved through the inoculation of different types of 
microorganisms, which will affect differently the characteristics of the final product (Chompreeda 
and Fields, 1984). Enzymatic treatment of soybean meal provides all the aforementioned 
advantages in terms of ANF reduction and improved digestibility (Cervantes-Pahm and Stein, 
2010), while ensuring a more homogenous final product due to the lack of lactic acid production 
during bacterial fermentation (Kay, 1926; Pederson and Albury, 1955). To our knowledge, no 
attempt has been made to evaluate the ileal digestibility of an enzyme-treated soy protein in young 
pre-weaning calves.  
A meticulous evaluation of the bioavailability of dietary AA is critical to determine the 
protein quality and nutritional value of different protein sources. Comparisons of apparent ileal 
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digestibilty (AID) of CP or AA from different feed sources can lead to misleading conclusions 
because an important percentage of the digesta AA that have not been reabsorbed at the ileum is 
synthesized endogenously (Nyachoti et al., 2010).  Endogenous protein secretions comprise 
mucus, sloughed cells, serum albumin, digestive enzymes, amides, ingested hair, and bacteria 
among other compounds. Endogenous protein can be classified as either basal or specific losses 
(Stein et al., 2007). While basal losses are considered fairly constant, specific losses depend on the 
composition of the diet and increase when fiber and ANF increase in the diet (Montagne et al., 
2001). Feeding a N-free diet allows determination of basal endogenous losses to calculate 
standard ileal digestibility (SID; Montagne et al., 2003). The digesta at the ileum is a mixture of 
proteins with different origins (dietary, the animal itself or “host”, and microbial) and therefore 
different AA profiles (Guilloteau et al., 1983). The proportions of each protein in digesta can be 
estimated to calculate total endogenous protein losses (ENDtotal) to obtain the true ileal 
digestibility (TID; Duvaux et al., 1990) of the dietary proteins. Our objective was to measure and 
compare AID, SID, and TID of MR either based entirely on milk (whey) proteins or whey plus an 
enzymatically treated soybean meal replacing 50% of the total protein. Our hypothesis was that 
the inclusion of an enzyme-treated soybean meal in the MR will not affect the true ileal 
digestibility of dietary proteins once ileal flows are corrected by the endogenous protein losses. 
MATERIALS AND METHODS 
Animals and Treatments 
The Institutional Animal Care and Use Committee of the University of Illinois at Urbana-
Champaign approved all procedures (protocol #18053). Nine Holstein calves (8 males and 1 
freemartin female) were transported at approximately 2 d of age from a commercial dairy farm to 
the Nutrition Field Laboratory at the University of Illinois. Calves were housed individually in 
outdoor PVC hutches placed on crushed limestone and bedded with sand. Calves were fed twice 
daily (0700 and 1900 h) a commercial MR (28.5% CP, 15% fat; Excelerate, Milk Specialties 
Global Animal Nutrition, Eden Prairie, MN). Milk replacer was reconstituted to 15% solids and 
fed at a rate of 1.5% (DM) of BW during wk 1 and 2% of BW thereafter, adjusted weekly or 
every 5-d once the experimental period began (1.25 kg/d of MR DM on average during the 
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experimental period). Calves had ad libitum access to water but no solid feed was offered during 
the trial in order to minimize rumen development.  
At 15 d after arrival, calves were fitted surgically with a T-cannula at the terminal ileum. A 
more detailed description of the surgery and post-surgical care can be found elsewhere (Ansia et 
al., 2019). After 1 wk of recovery, all calves were switched to the all-whey experimental MR to 
accustom calves to the new formulation and to avoid refusals at the beginning of the experimental 
period. After 2 wk post-surgery, calves were blocked by BW and randomly assigned to a 
replicated 3 × 3 Latin square design with 5-d periods where the first 3 d were used for diet 
adaptation and the last 2 d for sampling. The 3 experimental diets were: a control MR with whey 
protein concentrate as the only source of protein (WPC), an isonitrogenous MR where 50% of the 
protein was provided from an enzyme-treated soybean meal (ESBM; HP-100, Hamlet Protein 
A/S, Horsens, Denmark), and a N-free MR (NFREE). Chromic oxide (0.2%, DM basis) was fed 
with the MR as an indigestible marker for the solid phase of the digesta, while the complex Co-
Na-EDTA (0.85 % DM basis) was used as marker for the liquid phase (Udén et al., 1980). Diet 
and chemical composition of each MR are summarized in Table 3 and Table 4. 
Measurements and Chemical Analysis 
On d 4 and 5 of each period, a 250-mL plastic bag (Nurser standard liners, Playtex, North 
Bergen, NJ) was attached to the cannula with an auto-locking cable tie after removing the cannula 
cap. Bags were removed when full or approximately every 30 min, continuously during 12 h 
(between the a.m. and p.m. meals). The content of each bag was weighed, digesta pH was 
measured immediately with a portable pH meter (Accumet AP110, Fisher Scientific, Atlanta, 
GA), and digesta was frozen thereafter. Samples were pooled by calf and period. Milk replacer 
samples were collected on d 4 and 5 of each period and composited by period before analysis. Dry 
matter and ash were determined on all MR and freeze-dried digesta, by drying in an oven at 65°C 
for 24 h and 600°C for 3 h, respectively. Crude protein was determined by the combustion method 
(AOAC Official Method 990.03, 2006). Complete AA profile (AOAC Official Method 982.30 
E(a,b,c)), sugar profile (Mason and Slover, 1971), NDF (Robertson and Van Soest, 1981), fatty 
acids (AOCS Official Method Ca 5b-71), minerals (AOAC Official Method 968.08), and marker 
(AOAC Official Method 990.08) analysis on feed and digesta were performed at the Agricultural 
Experimental Station Laboratory of the University of Missouri-Columbia. 
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Total DNA was extracted from freeze-dried digesta using a QIAamp PowerFecal DNA kit 
(Catalog No. 12830–50; Qiagen, Hilden, Germany). Sample DNA concentration was quantified 
using a Nanodrop spectrophotometer (Nyxor Biotech, Paris, France). Total crude mucin content 
was measured after fractionation of ileal digesta according with Montoya et al. (2015). Individual 
freeze-dried digesta samples were reconstituted (1:20, wt:vol) in saline solution (0.15 mol/L) and 
centrifuged (14,500 × g for 30 min at 4°C). The supernatant was mixed (1:1.5, vol:vol) with 
ethanol at 0°C and kept overnight at -20°C. The crude mucin precipitate was recovered after 2 
centrifugation cycles (1400 × g for 10 min at 4°C), oven-dried at 65°C for 24 h, and weighed.  
Body weight was recorded at the beginning and end of each 5-d period, whereas water and 
milk intakes were measured daily. Respiratory health (eyes, nasal, and breathing scores) and fecal 
consistency were scored twice daily by the same person through the entire experiment. 
Flows of Nutrients, Apparent, and Standard Ileal Digestibilities 
The flow of any nutrient expressed in g/kg of DMI was calculated by multiplying its 
concentration (DM basis) in digesta by the flow of DM calculated by the following equation: 
 




[ 3 ] 
 
where Markerdiet  and Markerdigesta  are the average of Co and Cr concentration in g per kg of DMI 
in diet and digesta, respectively (Van Bruchem et al., 1997).  
The apparent ileal digestibility (AID) of any nutrient was calculated using the following 
equation: 
 AID, % = [𝟏 − (
𝐍𝐮𝐭𝐫𝐢𝐞𝐧𝐭𝐝𝐢𝐠𝐞𝐬𝐭𝐚
𝐍𝐮𝐭𝐫𝐢𝐞𝐧𝐭𝐝𝐢𝐞𝐭
)  × (
𝐌𝐚𝐫𝐤𝐞𝐫𝐝𝐢𝐞𝐭
𝐌𝐚𝐫𝐤𝐞𝐫𝐝𝐢𝐠𝐞𝐬𝐭𝐚
)]  × 𝟏𝟎𝟎       
[ 4 ] 
where Nutrientdigesta  and Nutrientdiet are the concentrations (g/kg) in digesta and diet (DM basis), 
respectively.  Basal ileal endogenous losses of CP or AA (ENDbasal) expressed as g per kg DMI 








[ 5 ] 
where AAdigesta is the concentration of each AA or CP in ileal digesta (DM basis). Therefore, with 
the values previously calculated (Eq. 4 and 5) the standard ileal digestibility (SID) was calculated 
according to equation 4: 
 SID, % = AID + [(
ENDbasal
AAdiet
)  × 100] [ 6 ] 
 
where AAdiet is the concentration of each AA or CP in the diet (DM basis). 
Estimation of Total Ileal Endogenous Losses of AA and True Ileal Digestibility 
Total (basal + specific) endogenous losses of AA or CP and the proportions of the different 
endogenous and dietary proteins in the digesta were estimated by the method proposed by Duvaux 
et al. (1990). This method employs multiple regression analysis to estimate the theoretical 
proportions of each protein that minimizes the χ2 distance with respect to the composition of AA 
of the digesta. The χ2 distance between 2 proteins i and j is calculated according to the following 
equation: 
χ2  = (
AAij
√AAij






where AAij and AAik are the percentages of AAk in the sum of all the analyzed AA (k=17) in 
proteins i and j respectively. The lower the χ2 distance, the higher is the similarity between the 
proteins involved in each comparison.  
Reference AA profiles for estimation of the origin of the different endogenous proteins were 
selected according to Montagne et al. (2000b). The mean AA profile of axenic lamb feces 
(Combe, 1976) and calf meconium (Grongnet et al., 1981) was used as a reference for the 
endogenous protein from the calf (host), while the mean AA composition of fecal bacteria from 
pig (Mason et al., 1975) and sheep (Mason, 1978) was used as reference for endogenous bacterial 
protein.   
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Flows of ENDtotal in g per kg of DMI were calculated by applying the sum of estimated 
percentages of host and bacterial proteins to the total output of AA at the ileum. True ileal 
digestibility (TID) was calculated according to the following equation: 
 TID, % = AID + [(
ENDtotal
AAdiet
)  × 100] [ 7 ] 
 
Statistical Analysis 
Data for ileal pH were first averaged by hour and comparisons of mean pH per diet were 
obtained using the PROC MIXED procedure in SAS version 9.4 (SAS Institute, 2012) with the 
REPEATED statement. The covariance structure that resulted in the smallest Bayesian and 
Akaike information criterion was chosen. Period, treatment, and post-feeding hour plus its 
interaction with treatment were included as fixed effects while time nested within calf and day 
was included as a random effect. The SLICE statement was used to find differences in the 
interaction between treatments and time. Initial pH values and a set of variables representing the 
sequence of treatments, to account for the carry-over effect, were included as covariates. Digesta 
pH LSMEANS per hour obtained from the this method were fitted into the best possible broken-
line model (Ansia et al., 2019) according with the adjusted R2 value, significance of the parameter 
estimates, and visual appraisal of the residuals using NLREG [v. 6.5, Brentwood, TN; Sherrod, 
(1991)]. Digesta pH fluctuation was fit according to the equation: 
pH = [b1*max(0, time)] + [b2*max(0, time- x1)] + [a0 + (b3*max(0, time – x2)] 
where a0 is the estimate of initial pH, b1 and b3 are the two positive slopes and b2 the negative 
slope, x1 and x2 are the estimates of the time points where a significant change in slope occurred 
(knots), and time is the hour post-feeding after the morning meal. Differences of model 
parameters between treatments were tested by performing a t-test to evaluate the significance of a 
“dummy variable” estimate that represented the difference between the estimates for that 
particular parameter on each model. 
Digesta pH area above the curve (AAC) was calculated with the trapezoid method using the 
first pH value on each collection day as a baseline pH to create the successive trapezoids. 
Comparison between treatments for mean digesta pH, AAC, BW difference and percentage 
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change, milk and water intake, and fecal scores were analyzed as mixed-effect models with 
treatment, period, and day (only for intakes and fecal scores) as fixed effects, calf as random 
effect, and the carry-over variables as covariates within the PROC MIXED procedure in SAS. 
Comparisons between diets for AID, SID, TID, and flow of nutrients were performed using PROC 
MIXED with diet and period as fixed factors, and with calf and calf nested within period as 
random effects. When applicable, P-values for the comparisons among the 3 diets were adjusted 
by the Tukey-Kramer method. In addition, the P-values for the contrast between the WPC and 
ESBM diets were obtained with the CONTRAST statement in PROC MIXED. Assumptions about 
the normality and homogeneity of residuals derived from all the analyses of variance were 
checked using the PROC UNIVARIATE procedure and the INFLUENCE option within PROC 
MIXED in SAS.   
RESULTS 
Body Growth, Intake, and Health Scores 
We found no differences in BW gain or increment between the WPC and ESBM diets (Table 
5); however, when fed the NFREE diet calves lost 2.35 kg during the 5-d periods. Diet affected all 
body frame dimensions except body length and hip height. Calves fed the ESBM diet showed 
greater (P = 0.02) change and increment in withers height than when fed the WPC diet. In 
addition, the ESBM calves had a greater increment and change in hip width when compared with 
the NFREE diet. There were no differences of MR intake among diets but water intake was higher 
when calves were fed the NFREE diet then the other two. Fecal scores also were affected by diet 
(P < 0.01). The NFREE diet induced high scores (i.e., very fluid feces), the ESBM diet resulted in 
the lowest scores, and the WPC diet in intermediate values. Among all the signs of impaired 
respiratory health, diet only affected the probability of suffering nasal discharge (P = 0.04). 
Calves fed the ESBM treatment had a significant 0.23-fold lower odds to show any kind of nasal 
discharge, whereas calves on the WPC diet only showed a tendency (data not shown).  
Digesta Flow and Digesta pH 
Flow of DM at the ileum was greatest when calves were fed the NFREE and lowest with the 
WPC diet, whereas ESBM was intermediate (Table 6). We observed no differences in the amount 
of digesta collected between the WPC and ESBM diets, but during the NFREE diet the amount of 
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digesta was ~2.5-fold higher and had ~2-fold lower DM content. Diet affected mean digesta pH 
and also its fluctuation across time. The NFREE treatment had the highest mean pH because, 
unlike the other treatments, digesta pH did not decrease after feeding (NFREE*h; P = 0.76). 
Digesta pH was lowest when calves were fed the ESBM diet. According with the parametrization 
of the pH fluctuation data, digesta pH with ESBM decreased slower after feeding and reached its 
nadir later than with the WPC diet (Figure 2). Consequently, ESBM also showed the biggest 
AAC.   
Apparent Ileal Digestibility of OM and Non-N Milk Components  
The actual power of test for AID of DM with α = 0.05 and n = 9 was 0.77. Apparent 
digestibilities of OM, sucrose, Zn, Mn, and maltose were higher during the WPC diet than with 
ESBM (Table 7). The NFREE diet resulted in the lowest AID of OM, fatty acids, fructose, 
glucose, lactose, ash, Ca, P, and Mg. Apparent digestibility of Zn was greater with ESBM than 
with the control or NFREE diet.   
Digestibilities of AA and CP 
A tendency was detected for greater AID and SID for the sum of assayed AA and CP during 
WPC in comparison with ESBM (Table 8). However, we found no differences between diets for 
TID. Apparent ileal digestibility for most AA was greater (Ala, His, Ile, Leu, Thr, Trp, and Val) 
or tended to be greater (Asp, Cys, Glu, Phe, and Pro) during WPC than during ESBM. Similarly, 
SID was greater (Ala, Gly, His, Ile, Leu, Phe and Val) or tended to be greater (Asp, Glu, Pro, Thr) 
during WPC for the vast majority of AA. However, when comparing TID, only Ala (P = 0.03) and 
Ile (P = 0.02) were higher, and Leu tended (P = 0.08) to have higher TID for WPC than ESBM. 
On the other hand, we detected a tendency (P = 0.07) for a lower TID of Arg during WPC in 
comparison with ESBM.    
Flows of Dietary and Endogenous Proteins 
Flows of AA (13.99 g/kg DMI) and CP (22.43 g/kg DMI) as measured during the NFREE 
diet represented the ENDbasal and were assumed to be constant and invariable across diets (Table 
9). Coefficients derived from the multivariate regression analysis estimated that the basal 
endogenous protein flow was composed of protein from the host and gut bacteria in a 50:50 ratio 
(Figure 3). During the WPC diet, no bacterial protein flow was detected and ENDtotal was 
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estimated to be 39 % of the total flow of CP.  In contrast, total ileal output of protein was 
composed of 16% with bacterial origin and 28% from the host when calves were fed the ESBM 
diet (Figure 3). Estimated flows of endogenous CP from the host tended (P = 0.10) to be lower 
during ESBM. However, flows of ENDtotal of CP and AA were higher during ESBM whereas 
flows of undigested dietary protein were no different in comparison with WPC (Table 8).   
DNA and Total Crude Mucin 
Total concentration and flow of DNA were greater with the NFREE diet (Table 10) than 
with the other 2 diets. However, calves fed ESBM showed a greater concentration (P = 0.02) and 
flow (P < 0.01) of DNA than when they were fed WPC. Concentration of crude mucin per digesta 
DM was smaller with NFREE than with the other diets, but it was not different when expressed 
per unit of digesta CP. Ileal output of crude mucin in g per kg of DMI was smaller with NFREE 
than with the other 2 diets. However, it tended to be greater (P = 0.08) with ESBM in comparison 
with WPC.    
DISCUSSION 
The pH of digesta in the abomasum increases rapidly after suckling and then decreases until 
again reaching pre-prandial values in the next 7 to 9 h after feeding (Constable et al., 2005; 
Burgstaller et al., 2017). Secretion products (bile, pancreatic juice, and Brunner’s juice) are 
released into the distal duodenum to counteract that acidity (Klooster et al., 1969). Therefore, 
digesta pH increases gradually along the small intestine with a change from acid to alkaline near 
the middle of the jejunum (Mylrea, 1966). Even though pH fluctuations are more attenuated at the 
ileum, pH still reflects the changes occurring at the duodenum (Mylrea, 1966). Unlike the other 
diets, the NFREE diet did not seem to induce a significant gastric acid secretion since the pH 
values at the ileum did not vary after feeding. Despite the numerous factors involved in regulation 
of gastric acid secretion (Hersey and Sachs, 1995), ingestion of protein, or more specifically 
bioavailable protein (Ternouth and Roy, 1973), seems to play a significant role because in the 
absence of digestible protein there is no need for pepsin activation, which occurs at a pH of 1.8 to 
3.5 (Samloff, 1971).   
Similar to what we have observed in the ileum, others have reported that digesta pH in the 
duodenum decreases at a faster rate when milk proteins are fed (Colvin et al., 1969; Smith and 
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Sissons, 1975) because of the higher stimulus for acid secretion in comparison with soy proteins 
(Williams et al., 1976). Furthermore, besides digesta pH decreasing at a slower rate during ESBM, 
it reached a lower post-prandial minimum and at a later time than when the WPC diet was fed. 
The still possible presence of protease inhibitors in the soy-based MR could have reduced the 
capacity for pH regulation by the acinar-ductal units of the exocrine pancreas (Hegyi et al., 2011). 
In addition, the transformation of carbohydrates present in ESBM into VFA by intestinal bacteria 
also could have contributed to the lower digesta pH (Guilloteau et al., 1986). Even though digesta 
pH and flow seems to follow similar patters after a meal (Kyuma et al., 1979), that relationship 
does not allow us precision sufficient to explain a difference in abomasal emptying rate (Gaudreau 
and Brisson, 1980). However, if we assume that the movement of digesta through the small 
intestine was the same for both diets, ileal digesta pH would have followed a similar fluctuation as 
duodenal digesta pH.  We then could roughly estimate the relative abomasal emptying rate by 
measuring the time that digesta pH needed to reach its nadir once it began to decline from its 
initial baseline (a0; Constable et al., 2006). Following this assumption, gastric emptying when 
calves were fed ESBM (x2 – x1 = 5.9 h) would have been slower than when they were fed the 
WPC (x2 – x1 = 4.2 h). Since the whey proteins present in either MR should have behaved in the 
same way in both diets, the possible delayed abomasal emptying with the ESBM diet would have 
occurred only because of the presence of the soy proteins. Gaudreau and Brisson (1980) 
postulated that the delay could be caused by a temporary “settlement” of the soy proteins before 
release into the duodenum due to their lower solubility in comparison with whey proteins. 
As expected, due to the higher osmolality in the NFREE diet because of the large 
concentration of lactose, calves incurred a “nutritional” diarrhea caused by osmotic imbalance 
(Brooks et al., 1996). Glucose is linked with Na for absorption, and consequently water is drawn 
from the extracellular space into the intestine to compensate the osmotic imbalance induced by the 
elevated Na concentration in the lumen (Michell, 1998). Because this likely was a strictly 
nutritionally induced diarrhea, the immune system did not trigger a reduction in appetite or water 
intake (Plata-Salamán and Ffrench-Mullen, 1992; Johnson, 1998) and calves voluntarily increased 
their intake of water. Therefore, the BW loss observed in calves during the NFREE diet must be 
mostly attributed to a loss of skeletal and muscle growth. Although the effect on growth was not 
the focus of this experiment and the short periods necessitate caution in interpreting differences, 
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the advantage of the ESBM diet in terms of body frame growth deserve further attention as an 
enhancer of growth and development (Kiers et al., 2003; Senevirathne et al., 2017).  
Protein source seems not to have affected digestibility of lactose or glucose, which confirms 
that degradation of lactose by intestinal lactase is very stable (Hammon et al., 2014). In agreement 
with the literature, disappearance of maltose, fructose, and sucrose was low in comparison with 
glucose and lactose (Siddons et al., 1969), especially during the NFREE diet. Despite a smaller 
AID of maltose and sucrose during ESBM in comparison with WPC, there is not a reason to 
foresee diminishing effects in growth and development because of the very low concentration of 
these disaccharides in the diets. Nevertheless, further research is needed to evaluate the effect of 
these sugars on large intestine fermentation.  Even though calves with diarrhea still have a 
substantial absorptive capacity for glucose (Bywater, 1977), the osmotic imbalance caused by the 
NFREE diet likely reduced the absorptive capacity for all sugars and the other non-nitrogenous 
components of the diet. Most probably, the damage caused to the intestinal mucosa barrier (Wilms 
et al., 2018) or the higher rates of passage (Petit et al., 1989) might have diminished capacity of 
the intestine for absorption.  
Negative values for AID of ash indicate that the outflow at the ileum was bigger than the 
intake from MR. Even though a net outflow of minerals may be found at the beginning of the 
small intestine due to endogenous secretions by the gut and pancreas, part of the minerals should 
have been absorbed before reaching the ileum (Montagne et al., 2001). Pancreatic secretions 
contain important amounts of macro and trace minerals, but data on mineral composition and total 
output are still scarce (Chavez et al., 1997). In pigs, Ca is the macromineral with the greater 
presence followed by P. Among the trace minerals, Zn is by far the most important followed by 
Fe.  Only Na and Zn seem to have a greater daily output relative to its intake that would be 
capable to impact metabolism or apparent digestibility (Chavez et al., 1997). However, there are 
substantial differences at least in volume and protease concentration between pancreatic juice of 
calves and pigs (Ternouth and Roy, 1973; Khorasani et al., 1989; Thaela et al., 1995) that make it 
difficult to extrapolate similarities in mineral content.  The low levels of phytic acid (0.4 ± 0.05%) 
present in the enzyme-treated SBM should have reduced any possible direct or carry-over effect 




During this experiment calves were bedded with sand instead of straw to avoid the ingestion 
of fiber to minimize rumen development and avoid the effect of rumen fermentation on 
degradation and synthesis of AA. Calves were observed licking sand in numerous occasions, a 
common pica symptom, which could have contributed to the positive mineral outflow. Despite the 
high plane of nutrition offered that met feeding recommendations for minerals (NRC, 2001), the 
lack of solid food intake may have stimulated behavioral licking and subsequent consumption of 
sand. Even though the intake of soil does not affect nutrient digestibility directly (Miller et al., 
1977), not knowing the exact mineral intake from the sand precludes us from fairly evaluating 
mineral digestibility. Digestibility of Ca and P is usually very high in young milk-fed calves 
(Guilloteau et al., 1980). However, it decreases with age (Smith, 2005; Hill et al., 2016b), which 
places our results at least within an expected range. Nevertheless, the probable presence of those 
minerals in the sand makes any conclusion unreliable. Trace minerals are of vital importance early 
in life of a dairy calf (Teixeira et al., 2014) and therefore more research is needed to fine-tune 
requirements from real ileal digestibilities, which according with our results are low and may be 
difficult to calculate due to the endogenous secretions.   
Milk proteins are virtually fully digested at the end of the ileum (Guilloteau et al., 1986; 
Montagne et al., 2000b) but not completely (Sedgman et al., 1985). However, the apparent (74 
and 79.5%) and even true (84.2 and 87.6%) ileal digestibility values for CP and AA obtained in 
this study for WPC differ substantially from those found in the literature (Caugant et al., 1993; 
Kanjanapruthipong, 1998). The differences on experimental design such as the sample collection 
method and the feeding frequency and rate compared to other similar experiments may have 
contributed to our lower digestibility values since at least different levels of protein intake do not 
affect N digestibility (Montagne et al., 2000b). As demonstrated by Hill et al. (2010), total tract 
apparent digestibility was lower when feeding a greater (1.6x) dose of MR, most probably due to 
a faster transit across the gastrointestinal tract (Smith, 1963). According to the literature, only 
Montagne et al. (2000b, 2001, 2003) fed MR (55 g DM/kg BW0.75) at a dose similar to ours. 
However, those authors infused the reconstituted diets continuously through an abomasal catheter 
and even added sodium citrate to avoid clogging, in order to obtain a slow and continuous transit 
across the digestive tract. Nevertheless, at least AID values for total and individual AA with a 
milk protein-based MR were overall higher than those reported by Khorasani et al (1989) who 
used a sampling procedure similar to ours.  
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It might be argued that physiological reactions to the higher osmolality of the NFREE diet 
might have impacted our estimates of ENDbasal. However, ENDbasal of CP and AA are in 
agreement with those (20 and 12 g/kg DMI) reported by Montagne et al. (2000b). Furthermore, 
we also found that digesta collected during NFREE was composed equally by bacterial and host 
endogenous protein (50:50), and that only during the ESBM diet was there a relevant amount of 
endogenous bacterial protein in comparison with WPC.  Other methods available for the 
determination of ENDbasal would include feeding a highly digestible purified diet or peptides, and 
the regression technique (Stein et al., 2007). However, feeding a highly digestible diet or peptides 
would necessitate the assumption that they are totally digested and that endogenous secretions are 
not stimulated by them, which may result in an overestimation of the basal losses.  The regression 
technique involves the use of a minimum of 3 diets, with a single protein source at different 
inclusion rates. Even though the AA profile of the ENDbasal obtained with this technique is similar 
to that obtained by using an NFREE diet, it yields a much greater estimation of AA flow 
(Montagne et al., 2000b). Based on practicality and to maintain a consistent feeding regime with 
the rest of treatments, the NFREE diet technique was selected. However, different strategies to 
minimize the nutritional diarrhea could be considered for future experiments such as increasing 
the number of meals per day or reducing the lactose inclusion. Basal endogenous losses using the 
NFREE diet are influenced by physiological, dietary, and generic factors and are therefore 
“specific” for the animals and experimental setting.  As suggested for research on pig feed 
ingredients, ENDbasal must be measured routinely when evaluating ileal digestibilities (Stein et al., 
2007). 
Based on previous analysis, the soy protein source included in the ESBM diet only contained 
trace amounts of antitrypsin activity (1.3 ± 0.5 mg TUI [Trypsin Units Inhibited]/g) and β-
conglycinin (2.0 ± 1.0 ppm ), and was practically free of oligosaccharides, phytic acid, and lectins. 
Despite the low level of those ANF, the presence of NDF (2.2%) might have contributed to the 
secretion of endogenous protein from the small intestine (Montagne et al., 2000c, 2001), thereby 
explaining the estimated tendencies to higher flow of host endogenous protein and the measured 
higher flow of crude mucin between diets. Carbohydrates and fiber present in the ESBM also 
could have stimulated microbial fermentation along the small intestine (Argenzio and Southworth, 
1974; Gilbert et al., 2015) and perhaps even in the rumen (Rey et al., 2012) in case some of the 
milk would fail to bypass it totally (Abe et al., 1979; Wise and Anderson, 2010), which would 
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explain the net outflow of endogenous bacterial protein (Lallès, 1993). Knowledge about gut 
bacterial density and its interaction with dietary proteins and their implications on intestinal tract 
development and function in calves is still limited (Malmuthuge and Luo Guan, 2017). In pigs and 
humans, there is evidence suggesting microbial utilization of AA in the small intestine. In 
pathological conditions where harmful bacteria proliferate, the availability of AA for the host can 
therefore be reduced and the by-products of protein fermentation can increase local inflammation 
(Diether and Willing, 2019). On the other hand, a greater bacterial population in the large intestine 
would increase the synthesis of short chain fatty acids available for absorption by the colonic 
epithelium (Diether and Willing, 2019). More research is needed to evaluate the potential benefits 
or disadvantages of increased flow of bacterial protein in the small and large intestine.   
Despite the numerical advantage in AID of milk over soy proteins, we found no significant 
differences in total AA and CP, similar to what has been reported in the literature (Khorasani et 
al., 1989; Tukur et al., 1993; Montagne et al., 2001). Like Khorasani et al., (1989) we found no 
differences for AID of Arg, Gly, Lys, Met, Ser, and Tyr, similar to results of Caugant et al. (1993) 
with the exception of Ser and Tyr. On the other hand, other authors did find AID values for CP 
that were significantly lower with soy protein-based milk replacer (Guilloteau et al., 1986; Tukur 
et al., 1993; Kanjanapruthipong, 1998).  
Once corrected by the ENDbasal, SID of AA increased by approximately 5.5% on average with 
respect to AID in both diets. Among all AA, Arg, Cys, Gly, Ser, and Thr had the biggest 
increases, which implies a larger presence of those AA in endogenous protein secretions. For 
instance, mucin, which is the main component of gastrointestinal mucus and can represent 19% of 
the ENDtotal, is rich in Thr, Ser, Gly, and Ala (Montagne et al., 2000c). Regardless of the type of 
calculation (AID, SID, or TID) or diet, digestibilities of Cys and Gly were the lowest among all 
AA, which agrees with the literature (Guilloteau et al., 1986; Khorasani et al., 1989; Caugant et 
al., 1993; Montagne et al., 2001). On the contrary, Met, Ile, Leu, and Trp showed the highest 
digestibilities among all assayed AA. However, that observation is not extended to other values 
found in the literature. Unless an increase in endogenous secretion of proteins would have an 
metabolic impact by the diversion of AA towards its synthesis, the lower SID and TID of the AA 
observed with ESBM is not expected to affect growth and development since none of them are 
among the most limiting AA for young calves (Hill et al., 2008; Wang et al., 2012). Even though 
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we did not detect any short-term reduction in growth, further research is needed to assess long-
term effects of these differences.   
In agreement with previous studies (Bush et al., 1992; Caugant et al., 1993; Montagne et al., 
2001), the differences found in AID and SID of individual AA between milk and soy proteins 
were mainly due to the higher flow of undigested endogenous proteins. Digestibilities for 
individual and total AA and CP during the ESBM diet increased remarkably after being adjusted 
for ENDtotal. This difference was especially true for those AA with a higher presence in the AA 
composition of endogenous protein such as Cys, Glu, Gly, Asp, and Thr, among others 
(Guilloteau et al., 1983; Montagne et al., 2000c). Montagne et al. (2001) reported even bigger 
differences between MR based on milk or alternative proteins when TID of CP and total AA were 
compared. In their study, TID of the all-milk diet was virtually complete, but the increase of the 
TID values for the alternative protein diet was not equipotential.  
Values for TID of AA in young pre-ruminant calves in the literature are scarce and most are 
derived from estimations. Nevertheless, to our knowledge no AA has reached a greater TID with 
the alternative protein-based diet and, when comparing AID, not even a greater numeric value. It 
is therefore relevant to point out that with ESBM, TID of Arg tended to be higher and that of Met 
was numerically higher than with the WPC diet. Arginine is considered an essential AA in 
newborns and plays an important role in gastrointestinal and immune function as well as in N 
metabolism (Wu et al., 2009). Hill et a. (2016a) found no effect on growth or on concentration of 
assayed blood metabolites during supplementation of MR with Arg to young dairy calves. 
However, other authors have found that Arg supplementation altered the humoral immune 
response, increased ADG (Fligger et al., 1997), villus height, villus width, and ratio of globet cells 
per villus (Van Keulen et al., 2017). Differences on growth were only detected in the study where 
solid feed was not offered (Fligger et al., 1997), which reflects the bigger role of solid feed as 
source of Arg in comparison with MR (Quigley et al., 1985). Since intestinal mucin is secreted by 
the goblet cells in the villi to protect the mucosal barrier (Kim and Ho, 2010), the greater 
concentration of Arg in ESBM and its greater digestibility also could have contributed to a bigger 
contribution of mucin to the endogenous protein pool. In addition, other metabolites from Arg 
metabolism such as nitric oxide and polyamines also are involved in cell proliferation and 
turnover in epithelial and vascular endothelial cells by activating the mammalian target of 
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rapamycin (mTOR) pathway (Tan et al., 2010). Whether or not the role of Arg as the main AA 
responsible for the overall favorable results of ESBM in terms of digestibility, growth, and health 
would require further investigation.    
According with our results, DNA concentration in digesta seems to be an optimal proxy to 
compare endogenous protein content in ileal digesta between different protein sources in MR. 
Since the DNA extraction method used in this study does not differentiate between bacterial and 
genomic host DNA, we cannot evaluate the contribution of gut and intestine exfoliated epithelial 
cells to the final DNA digesta pool (Rosa et al., 2018). The presence of fiber in the ESBM diet 
may have increased the content of sloughed epithelial cells (Nyachoti et al., 2010). Similarly, total 
crude mucin determination allowed us to estimate the differences between diets for host 
endogenous protein flow. Mucin is the main protein within the total endogenous protein mixture 
from the host. Among other functions, it lubricates and protects mucosal epithelia from physical 
and infectious damage (Kim and Ho, 2010). Assuming a CP content in calf intestinal mucin of 
52.6% of DM (Montagne et al., 2000c), the basal flow of mucin protein at the ileum as determined 
by the NFREE diet was higher (6 vs 4 g/kg DMI) than reported previously by Montagne et al., 
(2000a). The disruption of the mucosal barrier potentially caused by the high osmolality of the 
NFREE (Wilms et al., 2018) may have contributed to a greater epithelial turnover and mucus 
secretion rate. While enteric pathogenic diarrheas induce a reduction in the number of globet cells 
(Mebus et al., 1973; Kim and Ho, 2010), it is not known whether compensatory turnover 
mechanisms in epithelial cells would still be active in a healthy calf (Van Bruchem et al., 1997).  
Indeed, the greater concentrations of DNA and crude mucin concentrations relative to the other 2 
diets and the literature, respectively, could be explained by a combined epithelial lining shedding 
and hypersecretion of mucus (Pearson et al., 1987; Kim and Ho, 2010). Furthermore, an increased 
epithelial turnover could support bacterial proliferation by increasing the availability of binding 
sites for bacteria in the small intestine (Pusztai, 1991). Nevertheless, the non-mucin specific 
method used in our study may have overestimated mucin protein output (Piel et al., 2004).  
Also in close agreement with Montagne et al. (2000a), mucin protein represented 27% of the 
total endogenous CP losses. However unlike them, we observed an increase in crude mucin output 
with higher CP intake, probably because in our study there was considerable content of undigested 
dietary proteins reaching the ileum. In addition, we also detected an increasing logarithmic 
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relationship between ileal flows of crude mucin and CP for all diets (Fig. 4.a), which highlights 
the crucial importance of considering endogenous nitrogen losses to evaluate intestinal or fecal 
digestibilities of protein (Nyachoti et al., 2010). Nevertheless, literature regarding the interaction 
of gastrointestinal mucosa with dietary proteins in the small intestine is limited and further 
research is needed to evaluate, for instance, the effect of milk proteins on mucin secretion in 
calves (Steele et al., 2016). 
Digestibility of NDF is usually very low in young preweaning calves due to the immaturity of 
the digestive tract, especially when large amounts of milk or MR are being fed (Hill et al., 2016c). 
Since usually only total tract digestibilities are reported, it is important to note that there is an 
extensive fermentation of soluble fiber in the hindgut (Abelilla and Stein, 2019). In addition, in 
feces and intestinal digesta there are non-dietary components that interfere with the analysis of 
dietary fiber (Montoya et al., 2016). Bacteria and mucin contain some of the same sugar residues 
present in dietary fiber and therefore are the main sources of interference in digesta. In our study, 
microbial protein seemed to be interfering with NDF analysis, but not that of crude mucin. We 
found a positive linear relationship between NDF and DNA concentration in digesta (Figure 4.b), 
but a negative relationship between NDF and crude mucin content (Fig. 4.c) with the control diet 
where there was no effect of dietary fiber from the soy or excessive epithelial shedding by the 
induced diarrhea in NFREE (Kim and Ho, 2010). Even after adjustment of the ileal flows of NDF 
during ESBM with the “basal” flows found with the control diet, our results emphasize the 
relatively low ileal digestibilities of NDF during the pre-weaning period.    
Despite the short experimental periods, the ESBM diet resulted in increased fecal consistency 
and slightly improved respiratory health scores (nasal discharge). Improved overall health and 
fecal scores also were found by Kim et al. (2012) in calves fed a fungal-treated soybean meal 
when compared with calves fed regular soybean meal. These effects might be attributed to the 
release of bioactive peptides and other compounds by enzymatic hydrolysis during the 
manufacturing process (Chatterjee et al., 2018). Nevertheless, since digesta DM percentage at the 
ileum did not differ between WPC and ESBM, the different fecal scores could probably be due to 
a higher content of endogenous protein secretions (mucin) or to a higher absorption rate of water 
at the large intestine because of a better villous or crypt epithelium integrity (Berg, 1981). The 
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greater bacterial flow may have contributed by increasing the availability of short chain fatty acids 
for epithelial cell growth and proliferation.   
CONCLUSIONS 
Overall, there were no appreciable differences of the AID of the main dietary components 
and of the TID of most AA and CP between MR. The slight disadvantage on CP and AA apparent 
digestibility with the ESBM diet disappeared once digesta outflows were corrected by the 
estimated endogenous protein losses. Adjusting digestibilities of AA in MR by endogenous losses 
is crucial when comparing alternative proteins to milk proteins. Differences found between the 
WPC and ESBM diet for AID of non-N nutrient fractions such as OM and micro-minerals can be 
attributed to the increase in endogenous secretions with soy proteins.  However, further research is 
needed to evaluate the impact of altered endogenous secretions on calf nutrient requirements and 
on interactions of plant proteins with the gastrointestinal mucosa during extended periods of 
feeding. Substitution of 50% of the protein from whey with an enzymatically treated soybean 





TABLES AND FIGURES 
 
Table 3. Diet and chemical composition of milk replacers 
 Diet
1   
Item WPC ESBM NFREE  SD 
Diet ingredient2 (%)      
WPC 36.5 18.3    
HP-100   24.1    
Lactose 48.9 42.1 82.6   
Crystallized fat 11.0 12.0 13.9   
Vitamins and mineral mix 2.5 2.5 2.5   
Co-EDTA  0.8 0.8 0.8   
CrO2 0.2 0.2 0.2   
Chemical composition (g/kg)      
CP 275.04 280.64 2.61  2.98 
Fatty acids 97.8 98.2 86.6  12.9 
Sugars3 441 414 716  16 
Lactose 430 404 706  15 
Ash 65.1 71.1 66.3  3.4 
Ca 12.4 13.4 12.7  0.65 
P 6.60 7.14 6.59  0.35 
Na 0.31 0.23 0.71  0.12 
K 8.35 8.60 7.50  0.15 
Cl 3.15 1.15 6.75  0.15 
Mg 0.75 1.60 1.00  0.1 
Cu, ppm 9.4 11.9 17.4  5.4 
Fe, ppm 143 138 277  88 
Zn, ppm 74.3 85.3 123  28 
    Mn, ppm 47.2 57.1 96.7  11 
NDF - 22.5 -  4 
Osmolality, mOsm/kg4 329 311 476  5 
1
Calves were fed either a whey-based (WPC), enzyme-treated soy-based (ESBM) or a 
nitrogen free (NFREE) milk replacer 2x daily during 5 d at a rate of 2% BW (DM basis). 
2WPC=whey protein concentrate; HP-100=enzyme-treated soybean meal (Hamlet Protein A/S, 
Horsens, Denmark) 
3Sum of the assayed sugars (fructose, glucose, sucrose, maltose and lactose). 
4Osmolality estimated by adding the moles of all assayed sugars and minerals provided per kg of 






Table 4. Amino acid profile of milk 
replacers (g per 100 g CP) 
 Diet
1    
Item2 WPC ESBM  SD 
Ala 5.41 4.84  0.21 
Arg 3.07 4.92  0.21 
Asx 12.25 11.85  0.47 
Cys 3.22 2.40  0.23 
Glx 17.58 17.44  0.65 
Gly 2.13 3.06  0.13 
His 2.26 2.36  0.13 
Ile 6.48 5.68  0.21 
Leu 13.34 10.64  0.38 
Lys 10.88 8.52  0.17 
Met 3.09 3.25  1.34 
Phe 4.21 4.70  0.18 
Pro 5.26 4.95  0.46 
Ser 3.98 4.15  0.19 
Thr 5.36 4.62  0.18 
Trp 2.67 1.96  0.43 
Tyr 3.56 3.49  0.33 
Val 5.93 5.44  0.36 
 1Calves were fed either a whey-based (WPC), 
enzyme-treated soy-based (ESBM) or a nitrogen 
free (NFREE) milk replacer 2x daily during 5 d 
at a rate of 2% BW (DM basis). 
2Asx = Asparagine plus Aspartate; Glx = 




Table 5. Body weight change, intakes and fecal score by diet. 
 Diet
1   P - values 
Item WPC ESBM NFREE SE Diet2 Day Diet*Day 
WPCvs
ESBM3 
BW         
d 5-d 1 change4 5.07a 4.65a -2.35b 0.38 <0.01 - - 0.45 
d 5-d 1 increment5, % 7.47a 7.39a -3.08b 0.45 <0.01 - - 0.89 
Milk replacer (DM), kg/d 1.22 1.24 1.20 0.02 0.09 0.20 0.91 0.23 
Water, kg/d 2.30b 2.06b 3.43a 0.21 <0.01 <0.01 0.01 0.70 
Fecal scores6 2.87b 1.71c 3.77a 0.10 <0.01 0.54 <0.01 <0.01 
1
Calves were fed either a whey-based (WPC), enzyme-treated soy-based (ESBM) or a nitrogen free 
(NFREE) milk replacer 2x daily during 5 d at a rate of 2% BW (DM basis). 
2P-value for the difference in apparent ileal digestibility between WPC, ESBM and NFREE diets. 
3P-value for the contrast between WPC and ESBM diet. 
4Difference between the parameter value on the last day (d 5) and first day (d 1) on each diet. 
5Difference between the parameter value on the last day (d 5) and first day (d 1) on each diet as a 
percentage of the initial value (d 1) 
6 Fecal scores were assigned twice per day (before each meal) based on the following values: 1= 
normal, solid; 2=semi-formed, pasty; 3=loose, but stays on top of bedding; 4=watery, sifts through 
bedding.  
a,b,cLeast squares means with different superscript within the same row are different (P < 0.05) with 





Table 6. Amount of ileal digesta collected, digesta pH, and parameters of the model for daily pH fluctuation 
 Diet
1 
 P - values  
Item WPC ESBM NFREE SEM Diet Hour Diet*Hour 
WPC 
vs ESBM2 
Flow of digesta DM, g per kg DMI 223c 291b 536a 16 <0.01 - - <0.01 
Digesta collected3         
   Fresh weight, kg 1.02b 1.44b 3.45a 0.27 <0.01 - - 0.22 
   Dry weight, g 114b 159ab 203a 21 0.01 - - 0.13 
   DM, % 11.23a 11.25a 5.84b 0.57 <0.01 - - 0.93 
   pH4 7.41c 7.30b 7.74a 0.06 <0.01 0.01 <0.01 <0.01 
  AAC5 -2.97ab -4.10b -0.23a 1.30 0.05 - - 0.18 
  pH model parameters6         
Initial pH (a0) 6.81 7.33 - 0.38 0.19 - - - 
1st positive slope (b1), pH/h 0.60 0.15 - 1.89 0.08 - - - 
Time at 1st knot (x1), h 2.05 2.69 - 0.79 0.35 - - - 
Negative slope (b2), pH/h -0.86b -0.32a - 0.25 0.05 - - - 
Time at 2nd knot (x2), h 6.25b 8.57a - 0.58 0.01 - - - 
2nd positive slope (b3), pH/h  0.40 0.33 - 0.07 0.34 - - - 
1Calves were fed either a whey-based (WPC), enzyme-treated soy-based (ESBM) or a nitrogen free (NFREE) milk 
replacer 2x daily during 5 d at a rate of 2% BW (DM basis). 
2P-value for the contrast between WPC and ESBM diet. 
3 Digesta sampled during the last 2 days on each period continuously between the a.m. and p.m. meal each day. 
Samples were composited by calf and period. 
4Least square mean of digesta pH measured in each sample collected on each period.  
5AAC = area above the curve; it was calculated with the trapezoid method using the first pH value on each collection 
day as a baseline pH to create the successive trapezoids. 
6Differences of model parameters between the WPC and ESBM diets were tested by performing a t-test to evaluate 
the significance of a “dummy variable” that represents the difference between treatments on each particular 
parameter estimate. Hour (h) represents time post-feeding in hours. 
a,b,cLeast square means with different superscript within the same row are different (P < 0.05) with the Tukey-




Table 7. Apparent ileal digestibility of OM, fatty acids, sugars, ash, calcium and phosphorus 
 Diet1  P – values 
Item WPC ESBM NFREE SEM Diet2 
WPC vs 
ESBM3 
OM 84.6a 77.7b 56.3c 1.6 <0.01 <0.01 
Fatty Acids 90.4a 89.9a 39.0b 1.79 <0.01 0.84 
Fructose4 90.5a 86.2a 38.8b 4.55 <0.01 0.35 
Glucose5 99.3a 99.4a 93.2b 0.5 <0.01 0.85 
Sucrose 70.3a 59.6b 71.2a 3.2 <0.01 <0.01 
Lactose 99.6a 99.6a 92.4b 0.9 <0.01 0.98 
Maltose 92.6a 75.7b 60.2b 2.9 <0.01 0.01 
Ash -18.6a -20.8a -66.6b 13.3 <0.01 0.79 
Ca 38.1a 38.1a 11.5b 3.95 <0.01 0.99 
P 50.8a 49.7a 30.0b 2.4 <0.01 0.65 
Cu 4.85 4.52 5.13 10.3 0.99 0.97 
Fe -140ab -166b -90a 23 <0.01 0.18 
Zn -124a -203b -127a 16 <0.01 <0.01 
Mn -27.6b -55.5c -11.8a 4.4 <0.01 <0.01 
NDF6 - 21.7 - 33.4 - - 
1Calves were fed either a whey-based (WPC), enzyme-treated soy-based 
(ESBM) or a nitrogen free (NFREE) milk replacer 2x daily during 5 d at a rate 
of 2% BW (DM basis). 
2P-value for the difference in apparent ileal digestibility between WPC, ESBM 
and NFREE diets. 
3P-value for the contrast between WPC and ESBM diet. 
4Digestibility was calculated using an intake calculated by adding half the 
concentration of digested sucrose, to the analyzed free fructose in the feed.   
5Digestibility was calculated using an estimated intake by adding half the 
concentration of digested sucrose and lactose plus all the digested maltose, to 
the analyzed free glucose in the feed. 
6Flows of NDF during ESBM were adjusted by subtracting the flow of NDF 
during WPC, before calculations of apparent ideal digestibility.   
a,b,cLeast squares means with different superscript within the same row are 
different (P < 0.05) with the Tukey-Kramer adjustment. 
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Table 8. Apparent, standard, and true ileal digestibility of crude protein and AA 
   Ileal digestibility1   
 AID   SID  TID 
 Diet2    Diet2    Diet2   
Item WPC ESBM SEM P-value  WPC ESBM SEM P-value  WPC ESBM SEM P-value 
CP 74.0 69.8 2.2 0.12  82.3 77.7 2.1 0.08  84.2 83.1 1.3 0.43 
Ala 81.8 74.8 2.0 0.01  86.9 80.2 1.9 0.01  89.0 85.9 1.2 0.03 
Arg 76.4 80.1 2.3 0.18  85.5 85.4 2.2 0.98  85.7 88.8 1.4 0.07 
Asp 78.5 73.8 2.6 0.10  82.8 77.9 2.6 0.09  87.0 85.3 1.6 0.30 
Cys 68.1 61.6 3.3 0.06  74.1 69.2 3.2 0.13  80.6 78.5 1.9 0.24 
Glu 77.4 73.0 2.5 0.11  81.0 76.4 2.5 0.09  86.3 84.9 1.5 0.35 
Gly 65.3 61.4 2.5 0.16  78.7 70.2 2.4 0.01  79.0 78.3 1.5 0.68 
His 76.3 70.8 2.2 0.04  82.8 76.6 2.2 0.03  85.6 83.6 1.3 0.16 
Ile 87.2 80.5 1.7 0.01  90.5 84.1 1.7 0.01  92.3 89.1 1.0 0.02 
Leu 86.0 80.6 2.0 0.03  89.0 84.1
  2.0 0.05  91.5 89.1 1.2 0.08 
Lys 81.1 78.2 1.6 0.16  84.1 81.9 1.5 0.26  88.5 87.8 0.9 0.51 
Met 89.4 89.5 1.3 0.95  91.3 91.2 1.3 0.94  93.6 94.1 0.8 0.49 
Phe 80.3 75.8 2.4 0.10  86.2 80.8 2.3 0.05  88.1 86.5 1.4 0.28 
Pro 76.1 71.4 2.4 0.08  82.2 77.5 2.3 0.08  85.5 83.9 1.4 0.30 
Ser 70.9 69.8 2.3 0.62  78.0 76.2 2.3 0.42  82.3 83.1 1.4 0.60 
Thr 73.3 66.9 1.9 0.05  80.0 74.3 1.8 0.06  83.8 81.4 1.1 0.18 
Trp 87.3 83.2 1.8 0.05  91.3 88.3 1.8 0.12  92.3 90.6 1.1 0.12 
Tyr 82.1 78.6 2.2 0.15  86.6 82.9 2.2 0.13  89.2 88.0 1.3 0.39 
Val 77.4 71.2 2.5 0.04  83.4 77.3 2.4 0.04  86.3 83.9 1.5 0.13 
ΣAA3 79.5 75.0 2.2 0.07   84.2 79.7 2.1 0.07   87.6 86.0 1.3 0.24 
1AID = apparent ileal digestibility; SID = standard ileal digestibility; TID = true ileal digestibility. 
2Ileal digestibility comparison between calves fed either a whey-based (WPC) or enzyme-treated soy-based (ESBM) milk replacer 
2x daily during 5 d at a rate of 2% BW (DM basis). 
3Sum of all the assayed amino acids. 
63 
 
Table 9. Flows of basal and total (basal + specific) endogenous 





  Diet3   
Item  WPC ESBM SEM P-value
4 
CP 22.43  28.20 37.15 2.48 0.01 
Ala 0.74  1.07 1.51 0.12 0.01 
Arg 0.76  0.78 1.21 0.10 0.01 
Asp 1.42  2.85 3.83 0.36 0.02 
Cys 0.53  1.12 1.13 0.11 0.86 
Glu 1.71  4.31 5.80 0.49 0.02 
Gly 0.77  0.80 1.46 0.07 <0.01 
His 0.40  0.58 0.85 0.06 <0.01 
Ile 0.58  0.90 1.36 0.12 0.01 
Leu 1.07  2.02 2.54 0.28 0.11 
Lys 0.90  2.24 2.29 0.18 0.83 
Met 0.15  0.36 0.41 0.05 0.23 
Phe 0.67  0.90 1.40 0.12 0.01 
Pro 0.87  1.35 1.75 0.13 0.02 
Ser 0.77  1.26 1.55 0.11 0.03 
Thr 0.98  1.53 1.78 0.12 0.10 
Trp 0.29  0.36 0.41 0.05 0.33 
Tyr 0.43  0.69 0.92 0.09 0.03 
Val 0.96  1.45 1.93 0.17 0.02 
ΣAA5 13.99  24.57 32.13 2.67 0.03 
1Total (basal + specific) endogenous flow of protein. Flows 
were estimated applying the percentages obtained by multiple 
regression analysis and χ2 distance according with Duvaux et 
al., (1990; Figure 2) 
2Basal endogenous flow of protein in calves fed a nitrogen 
free (NFREE) milk replacer 2x daily during 5 d at a rate of 2% 
BW (DM basis). 
3 Calves fed either a whey-based (WPC) or enzyme-treated 
soy-based (ESBM) milk replacer 2x daily during 5 d at a rate 
of 2% BW (DM basis). 
4P-value for the difference in total endogenous flow of protein 
between WPC and ESBM diets. 




Table 10. DNA and mucin protein concentrations in digesta at the ileum  
 Diet
1   P - values 
Item WPC ESBM NFREE SE Diet2 WPC vs ESBM3 
DNA, ng/g digesta DM 103c 127b 321a 33 <0.01 0.02 
DNA ng/100 g of digesta CP 4.00b 4.80b 63.56a 5.68 <0.001 0.05 
DNA flow, ng/kg DMI 3.22c 4.72b 24.81a 3.16 <0.01 <0.01 
Crude mucin,  % digesta DM 15.61a 13.46a 2.24b 1.304 <0.001 0.43 
Crude mucin, % digesta CP 41.07 45.62 52.04 3.13 <0.001 0.33 
Crude mucin flow, g/kg DMI 34.0b 39.2a 11.8c 2.84 <0.001 0.08 
1 Calves fed either a whey-based (WPC) or enzyme-treated soy-based (ESBM) or a nitrogen-free 
(NFREE) milk replacer 2x daily during 5 d at a rate of 2% BW (DM basis). 
2P-value for the difference in apparent ileal digestibility between WPC, ESBM and NFREE diets. 
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Figure 2. Ileal digesta pH fluctuation between the morning and evening feedings 
(▼) on 2 consecutive days at the end of each 5-d experimental period. Calves fed 
either a whey-based (WPC, ●) or enzyme-treated soy-based (ESBM, ○) milk 
replacer 2x daily during 5 d at a rate of 2% BW (DM basis). Least squares means 
of pH by calf and hour were used to find the best model. LSM for both diets were 
fitted according with the following equation: pH = [b1*max(0, time)] + [b2*max(0, 
time- x1)] + [a0 + (b3*max(0, time – x2)] which explained 84.9 and 90.4 % of the 






















































Figure 3. Estimated flow (g per kg of DMI) of dietary, basal (nonspecific) endogenous, and specific 
protein from the host and bacteria at the ileum. The flow of basal endogenous protein was assumed to be 
constant and independent of the diet, and it was measured by collection of the digesta from calves fed a 
nitrogen-free (N-FREE) milk replacer 2x daily during 5 d at a rate of 2% BW (DM basis). The flow of total 
endogenous protein and the relative percentages by origin were estimated by multiple regression analysis 
and χ2 distance according with Duvaux et al., (1990). The mean AA profile of axenic lamb feces (Combe, 
1976) and calf meconium (Grongnet et al., 1981) was used as a reference for the endogenous protein from 
the calf (host endogenous), while the mean AA composition of pig (Mason et al., 1975) and sheep (Mason, 
1978) fecal bacteria as was used as reference for endogenous bacterial protein. Numbers within each 
section of the bar represents the estimated percentage of inclusion of that particular protein within the total 
flow of protein for each diet (WPC = whey-based milk replacer; ESBM = enzyme-treated soy-based milk 
replacer; N-FREE = nitrogen-free milk replacer). Numbers between columns represent the P-values for the 
comparison of dietary (solid bar) and endogenous host (dotted bar) protein flow for CP (top) and AA 
(bottom) between WPC and ESBM diets.   
P = 0.36 
P = 0.48 
P = 0.10 














Figure 4. Relationships between the concentrations of crude 
mucin and CP in digesta DM (a), and between the 
concentrations of NDF and crude mucin (b) and DNA (c) 
during the all-milk MR diet (WPC) in ileal digesta (n = 9). 
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CHAPTER 4: A PILOT STUDY TO EVALUATE DUODENAL AND ILEAL 
DIGESTIBILITY OF FEED INGREDIENTS AND DIETS IN WEANED CALVES 
ABSTRACT 
The aim of this pilot study was to evaluate an ileal and duodenal cannulation technique in 
weaned dairy calves to estimate endogenous losses of crude protein (CP) across the small 
intestine and to compare digestion and absorption of nutrients between diets differing in CP level 
and protein source. Three Holstein male calves were fitted at 7 wk of life with a T- cannula at the 
terminal ileum and another at the proximal duodenum. On wk 14 of life, calves were randomly 
assigned to a single 3 × 3 Latin square with 10-d periods. The 3 diets were fed for ad libitum 
intake and consisted of a control calf starter (CS) with regular soybean meal (SBM) as the main 
source of protein (CTRL), an isonitrogenous CS with an enzyme-treated SBM as the main source 
of protein (ESBM), and a CS with low content of CP (LOCP). Flows and digestibilities of 
nutrients were compared between the soy-based high-protein diets (HICP) against LOCP, and 
between CTRL and ESBM and their respective test ingredients (regular and enzyme-treated 
SBM). Duodenal flows of CP, total AA, non-nitrogen protein (NPN), microbial-N, fatty acids 
(FA), and apparent duodenal disappearance (ADD) of starch were larger for HICP than for 
LOCP indicating a greater foregut microbial activity and digestion. Similarly, the apparent ileal 
disappearance (AID) of OM, CP, and total AA were greater for HICP. Duodenal net flow of CP 
was greater for CTRL than for ESBM but flow of AA was not different. On the other hand, 
duodenal flows of microbial-N and FA were greater and flows of NPN and starch were lower for 
the ESBM diet suggesting a more efficient microbial activity in the rumen. Even though CTRL 
showed a greater AID when compared with ESBM, AID of CP and AA were greater for the 
enzyme-treated SBM than regular SBM. Endogenous losses across the small intestine per 
kilogram of duodenal DM flow were 47 ± 15 and 37 ± 12 g/d and the true ileal digestibility was 
86 ± 0.1 and 87 ± 0.1 % for CP and AA, respectively. The forestomach and intestinal digestion 
in 3-mo old calves showed characteristics that resemble those from adult cattle. An optimal 
balance of CP and the inclusion of previously hydrolyzed proteins improved the efficiency of 
microbial digestion and increased AA absorption. Although further research with larger sample 
size is needed, our results indicate that there is potential to improve digestion and absorption of 




Digestibility of dietary nutrients is the most common method utilized to estimate nutrient 
bioavailability, especially for dietary AA. Since AA are only absorbed in the small intestine and 
because the fermentation in the large intestine would alter AA profile in digesta, ileal 
digestibility is considered a more accurate estimation of AA bioavailability than total tract 
digestibility (Stein et al., 2007). Following these premises, digestion studies require the use of 
animals fitted with ileal and duodenal cannulas to estimate the flow of nutrients leaving the 
abomasum and their disappearance along the small intestine. This technique has been used in 
adult cows (Berthiaume et al., 2001) and was regularly employed with young dairy calves to 
evaluate flow and digestibility of milk and milk replacer ingredients in the past (Montagne et al., 
2001). However, to our knowledge only a few experiments have been performed to determine 
the intestinal digestibility of solid feed and digestive tract function in young post-weaned calves 
(Khorasani et al., 1990; Lallès and Poncet, 1990). Modern value-added feed ingredients for 
calves such as microbially-treated soybean meal (SBM) not only reduce the activity of 
antinutritional factors in soy proteins but also releases bioactive peptides and components that 
promote gastrointestinal and overall health (Chatterjee et al., 2018). These novel products have 
shown interesting results in terms of gastrointestinal health and growth in pre- and post-weaned 
calves (Kim et al., 2010, 2012; Kwon et al., 2011).  
There is a need for more data about duodenal flows and ileal absorption in young post-
weaned calves under modern feeding conditions. Our objective was to evaluate an ileal and 
duodenal cannulation technique in weaned dairy calves that would allow us to estimate 
endogenous losses of CP across the small intestine and to compare digestion and absorption of 
nutrients between diets differing in CP level and source. Our hypothesis was that a reduced 
dietary intake of CP will impair ruminal fermentation and nutrient absorption, and that the use of 
a previously hydrolyzed protein source (enzyme-treated SBM) would improve those 





MATERIALS AND METHODS 
The Institutional Animal Care and Use Committee at the University of Illinois at Urbana-
Champaign approved all procedures described in this note (protocol #18087). Three Holstein 
male calves were transported at approximately 19 d of age from the Dairy Cattle Research Unit 
to the Nutrition Field Laboratory at the University of Illinois. Calves were housed individually in 
outdoor PVC hutches placed on crushed limestone and bedded with straw. Calves were fed twice 
daily (0630 and 1830 h) a commercial milk replacer (28.5% CP, 15% fat; Excelerate, Milk 
Specialties Global Animal Nutrition, Eden Prairie, MN) reconstituted to 15% solids and fed at a 
rate of 2% (DM) of BW until wk 4 of life, 1.5% during wk 5, and 1% during wk 6 and 7. Milk 
replacer was gradually reduced over a week to be finally weaned at wk 8. Calves had ad libitum 
access to water and to a commercial CS (22% CP; AmpliCalf Grower, Purina Animal Nutrition 
LLC, Shoreview, MN). At wk 10, the commercial starter was substituted with an experimental 
CS, which was later used as the control diet. Starter was multi-textured and it was offered in a 
bucket mixed with 5% (as-fed basis) chopped grass hay until the end of the experiment.  
At 7 wk of life, calves were fitted with a T- cannulae at the terminal ileum and proximal 
duodenum during the same surgical procedure. Pre-surgery and surgical procedures were as 
described elsewhere  (Ansia et al., 2019). The procedure for inserting T-cannulas in the 
duodenum was similar to the procedure for insertion in the distal ileum with the exception that 
the cannulas were inserted at the proximal duodenum, which is 4 to 6 cm caudal to the pylorus, 
i.e., just caudal to the pancreatic and biliary ducts. To evaluate different techniques to insert the 
duodenal cannula for future procedures, cannulas differed in diameter and location for each of 
the calves. One of the calves was fitted with cannula with an inner barrel diameter of 1.6 cm 
between the 12th and 13th ribs. The other two calves were fitted with the cannula on the left 
lateral abdominal region with cannulae of 1.6 and 2.5 cm diameter (same as cannulas at the 
ileum), respectively. Calves returned to full feeding on the evening of the day of surgery.  
At wk 14 of life, calves were randomly assigned to a single 3 × 3 Latin square with 10-d 
periods. The 3 experimental diets were fed for ad libitum intake and consisted of: a control CS 
with regular SBM as the main source of protein (CTRL), an isonitrogenous CS with an enzyme-
treated SBM (HP-RumenStart, Hamlet Protein A/S, Horsens, Denmark) as the main source of 
protein (ESBM), and a CS with low content of CP (LOCP). Titanium dioxide (0.4% DM basis) 
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and acid insoluble ash (AIA) were used as indigestible markers and their average concentration 
was utilized for digesta flows calculation. Diet and chemical composition of each diet are 
summarized in Table 11.  
On d 7 and 8 of each period, a 250-mL plastic bag (Nurser standard liners, Playtex, North 
Bergen, NJ) was attached to the cannula at the ileum with an auto-locking cable tie after 
removing the cap. Bags were removed when full or approximately every 30 min, continuously 
during 12 h. The same procedure was performed on d 9 and d 10 with the cannula at the 
duodenum with the exception that collection was restricted to intervals of 2 h with 2 h periods of 
no collection in between. This method was applied in order to avoid an excessive loss of 
nutrients and fluid flow into the small intestine because of the considerable flow of digesta out of 
the duodenal cannula. Starting time of collection was alternated between days to cover the whole 
timeframe within a day. For each bag, digesta pH was measured immediately with a portable pH 
meter (Accumet AP110, Fisher Scientific, Atlanta, GA), and the content was frozen thereafter. 
Samples were pooled by calf and period. Calf starter samples were collected every second day 
starting on d 4 on each period, and composited by period before analysis. Dry matter and ash 
were determined for all CS and freeze-dried digesta, by drying in a forced-air oven at 135°C for 
2 h and 600°C for 3 h, respectively. Complete AA profile, CP, AIA, NDF, ADF, non-protein 
nitrogen (NPN), starch, fatty acids (FA), minerals, and titanium concentrations were determined 
in feed and digesta samples at the Agricultural Experimental Station Laboratory of the 
University of Missouri-Columbia, using official or validated methods.  
As a marker of microbial protein, total DNA was extracted from freeze-dried digesta using a 
QIAamp PowerFecal DNA kit (Catalog No. 12830–50; Qiagen, Hilden, Germany). Sample DNA 
concentration was quantified using a Nanodrop spectrophotometer (Nyxor Biotech, Paris, 
France). Total crude mucin content was measured after fractionation of ileal digesta according to 
Montoya et al. (2015). Freeze-dried digesta was reconstituted (1:20, wt:vol at room temperature) 
in normal saline solution (0.15 mol/L). First, digesta was centrifuged at 250 g for 15 min at 4°C. 
This precipitate is expected to contain food debris and intact mucosal cells. Supernatant was then 
centrifuged at 14,500 g for 30 min at 4°C. This second precipitate is expected to contain 
microbial cells and therefore CP and DNA concentrations were measured to use the coefficient 
DNA/total N to estimate total microbial N per kg of digesta DM in duodenal samples. The 
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14,500 g supernatant contains soluble N components and was mixed with ethanol (1:1.5, vol:vol 
at 0°C), kept overnight at -20°C, and centrifuged at 1,400 g for 10 min at 4°C. This precipitate 
constitutes the total crude mucin and was recovered in 15 mL of normal saline solution and 
precipitated again with ethanol in the same conditions. The 3 precipitates were finally recovered 
in 10 mL of the saline solution, freeze-dried, and weighed. 
Body weight was recorded weekly since arrival and between each 10-d period. Water and 
solid feed intake were measured twice daily. Respiratory health (eyes, nasal, and breathing 
scores) and fecal scores were assigned twice daily.  
 The flow of any nutrient expressed in g per kg of DMI was calculated by multiplying their 
concentration (DM basis) in digesta (duodenal or ileal) by the flow of DM calculated according 
with the following equation: 
where Markerdiet and Markerdigesta are the average of Ti and AIA concentration in g/kg DMI 
in diet and digesta respectively (Montagne et al., 2000). The apparent duodenal disappearance 
(ADD) of any given nutrient was calculated using the following equation: 
 
ADD, % = [𝟏 − (
𝐍𝐮𝐭𝐫𝐢𝐞𝐧𝐭𝐝𝐮𝐨𝐝𝐞𝐧𝐚𝐥
𝐍𝐮𝐭𝐫𝐢𝐞𝐧𝐭𝐝𝐢𝐞𝐭
)  ×  (
𝐌𝐚𝐫𝐤𝐞𝐫𝐝𝐢𝐞𝐭
𝐌𝐚𝐫𝐤𝐞𝐫𝐝𝐮𝐨𝐝𝐞𝐧𝐚𝐥
)]  × 𝟏𝟎𝟎       [ 9 ] 
where  Nutrientduodenal and Nutrientdiet are the concentration (g/kg) in digesta at the 
duodenum and diet (DM basis) respectively. Similarly, the apparent small intestine 
disappearance (AID) of any given nutrient was calculated using the following equation: 
 
AID, % = [𝟏 − (
𝐍𝐮𝐭𝐫𝐢𝐞𝐧𝐭𝐢𝐥𝐞𝐚𝐥
𝐍𝐮𝐭𝐫𝐢𝐞𝐧𝐭𝐝𝐮𝐨𝐝𝐞𝐧𝐚𝐥
)  × (
𝐌𝐚𝐫𝐤𝐞𝐫𝐝𝐮𝐨𝐝𝐞𝐧𝐚𝐥
𝐌𝐚𝐫𝐤𝐞𝐫𝐢𝐥𝐞𝐚𝐥
)]  × 𝟏𝟎𝟎        [ 10 ]  
where  Nutrientduodenal and Nutrientileal are the concentration (g/kg) in digesta at the 
duodenum and ileum (DM basis) respectively. Digestibility of CP and AA in the test ingredients 
(regular vs enzyme-treated SBM) was determined by the difference method using the LOCP diet 
as a basal diet (Kong and Adeola, 2014). The linear relationship between the CP or AA absorbed 
in the small intestine (digestible CPduo) and the respective contents of duodenal flow (CPduo) can 
be expressed according to the following equation: 
 




[ 8 ] 
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 Digestible CPileo = CPendo + a ∗ CPduo [ 11 ] 
where the intercept of the regression (CPendo) will be the flow of intestinal endogenous CP losses 
(flow of CP at zero duodenal CP flow), and the slope (a) will be an estimate of the true 
digestibility of CP (Mariz et al., 2018).  
Digesta pH, BW change, DM and water intake, ADD, AID, and flow of nutrients among 
diets were analyzed as mixed-effect models with diet, period, day (only for intakes), and time 
(only for digesta pH) as fixed effects, calf as a random effect, and DMI as a percentage of BW as 
a covariate within the PROC GLIMMIX procedure in SAS version 9.4 (SAS Institute, 2012). 
The CONTRAST statement was used to compare the 2 soy-based high-protein diets (HICP) with 
the LOCP diet, and the CTRL with the ESBM diet. The covariance structure that resulted in the 
smallest Bayesian and Akaike information criterion was chosen for all analyses. A one-sample t 
test was performed on the ADD and AID means for each treatment in order to determine if a net 
outflow or inflow exists (i.e., means by treatment different than zero) using the TTEST 
procedure in SAS with a 95% confidence interval. Assumptions about the normality and 
homogeneity of residuals derived from all the analysis of variance were checked using the PROC 
UNIVARIATE procedure in SAS. 
RESULTS AND DISCUSSION 
In order to evaluate the effect of surgery on growth, the mean weekly BW of the 3 calves 
from arrival (wk 3) until the beginning of the experimental period (wk 14) were fit to the best 
broken-line model as described elsewhere (Ansia et al., 2019). The parameters of the selected 
model [BW= a + b1 ✕ min (wk, x1) + (b2 ✕ max (0, wk-x2)); P < 0.001, adj. R
2 = 0.996) showed a 
plateau on BW gain of almost 2 wk from 6.6 wk (x1) until 8.5 wk (x2), which corresponds with 
the time of the surgery (wk 7). In addition, the model identified different slopes of growth before 
(b1 = 6.5 kg/wk) and after the plateau (b2 = 5.7 kg/wk), which may indicate a detrimental effect 
on growth due to the digesta collection or body tissue adaptation to the cannulas. The difference 
in growth slopes (0.8 kg/wk) is in good agreement with the difference between calves with or 
without ileal cannulas (0.86 kg/wk) found in our previous work with younger calves (Ansia et 
al., 2019).  
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Ileal and duodenal cannulas in one of the calves become inoperative after the first 
collection period from the ileum. Therefore, the duodenal flows and digestibility data is only 
from 2 calves per diet (n = 2). Despite lower starter and water intakes for ESBM than CTRL 
(Table 12), we found no differences in BW change between diets.  Flow of DM per kg of DMI at 
the duodenum was lowest with LOCP, highest with CTRL, and intermediate with ESBM in 
accordance with the highest, lowest, and intermediate values of ADD for the LOCP, CTRL, and 
ESBM diets, respectively (Table 13). The same differences among diets were found for CP and 
total AA duodenal net flows and ADD with the exception than there were no differences 
between net flows of AA between ESBM and CTRL. Looking only at the test ingredient, we 
observed a greater ADD of CP and total AA with the enzyme-treated than with regular SBM 
(Table 13). Duodenal flows of NPN, microbial-N and microbial protein synthesis efficiency were 
greater for the HICP diets than for LOCP. Between the 2 high-protein diets, CTRL had greater 
flow of NPN but lower flow and efficiency of microbial-N. Duodenal disappearance of starch 
was greater for the HICP diets and, between those, ESBM showed the greatest value. On the 
other hand, the LOCP diet showed a greater ADD of FA, whereas it was not different from zero 
for the 2 high-protein diets. There was no effect of dietary CP on the ADD of NDF; ESBM 
showed the greatest value, whereas CTRL was the lowest and LOCP was intermediate. 
Apparent small intestine disappearance of OM had the highest value with ESBM and it 
was not different from zero for the other 2 diets. The AID for CP and total AA was greater for 
HICP and between those the CTRL diet was greater than ESBM. However, when comparing the 
test ingredients the enzyme-treated SBM by itself showed a greater AID of both CP and total AA 
than regular SBM. Starch and NPN had a null AID across the small intestine. Fatty acids AID 
was greater for LOCP than for HICP, and it was not different from zero with CTRL. On the other 
hand, the AID of NDF was negative for all diets (positive net outflow), smaller for LOCP than 
for HICP, and null for ESBM. Only the ESBM diet manifested an AID of ash different from zero 
and had the greatest mucin protein flow at the ileum.      
 Despite the small sample size of this pilot experiment, we were able to observe marked 
differences in foregut digestion and intestinal disappearance between dietary CP levels. We 
found a reduced duodenal outflow of microbial protein and NPN that indicates a decreased 
ruminal microbial fermentation, as well as reduced ruminal and gastric proteolytic activity 
84 
 
(Arambel and Coon, 1981; Rey et al., 2012) likely because of the lack of degradable protein 
entering the rumen (Reynal and Broderick, 2003). In addition, the lower duodenal outflow of FA 
is indicative of reduced microbial activity since microbial synthesis of FA (mainly odd- and 
branched-chain fatty acid) in the rumen can substantially contribute to the total duodenal FA 
outflow (Prado et al., 2019). This reduced microbial activity also might lead to a decline in starch 
utilization by microbes as reflected by the lower ADD of starch with the LOCP diet (Khan et al., 
2008; Seo et al., 2013).  
Microbial protein is highly digestible (~85%) and supplies most of the protein flow that 
leaves the duodenum (Marini et al., 2008). The inefficient rumen fermentation as indicated by 
reduced flow of microbial protein and enzymatic proteolysis would have contributed to the lower 
AID of CP and AA observed with LOCP (Schwab and Broderick, 2017). Even though a decrease 
in NDF ruminal disappearance would be also expected, we observed no influence of dietary CP 
level and, overall, values across the 3 diets were close to those reported in adult cows 
(Ipharraguerre et al., 2002). Negative NDF digestibility in the small intestine also is found in 
adult cattle (Panah et al., 2019) and has been attributed to a deficient representation of the 
particle flow by the markers (Olijhoek et al., 2016). Moreover, other components of the ileal 
digesta such as glycoproteins, microbes, and sloughed epithelial cells share some of the same 
sugar residues present in dietary fiber and will be analyzed as dietary fiber using the NDF 
method (Montoya et al., 2016). In our study, the greater mucin content found in LOCP might 
have contributed to the larger NDF pool relative to the HICP diets. Starch disappearance in the 
small intestine is usually between 60 and 70 % and is quite consistent in young and adult cows, 
regardless of whether it occurs through microbial fermentation or enzymatic hydrolysis (Gilbert 
et al., 2015; Panah et al., 2019). Nevertheless, the small sample size of this experiment might 
have limited our ability to accurately determine AID of nutrients that are in a low concentration 
in ileal digesta due to a relatively high ADD like OM or NDF, as we found a practically null AID 
of starch.  
 In close agreement with the literature, duodenal flows of CP and AA were approximately 
the same as the dietary flows entering the rumen with the exception that most of the duodenal 
flow has a microbial origin (Marini et al., 2008). Previous enzymatic treatment of feed 
ingredients can promote microbial protein synthesis by increasing its ruminal degradability even 
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without modifying its chemical composition (Seo et al., 2013). The greater duodenal flow of 
microbial-N with ESBM was accompanied by a greater ADD of starch and a reduction in NPN 
flow in comparison with CTRL, indicating a greater microbial efficiency of carbohydrate 
digestion and ammonia incorporation into microbial protein (Hoover and Stokes, 1991; Seo et 
al., 2013).  Microbial enzymatic hydrolysis of soy protein increases the proportion of small size 
molecules and reduces the presence of anti-nutritional factors, which not only promotes ruminal 
microbial activity (Reynal and Broderick, 2003; D’Mello, 2006) but also can improve its small 
intestinal digestion (Feng et al., 2007).  Even though dietary AID for CP and AA was slightly 
unfavorable for ESBM (↓ 5%), the AID of the enzyme-treated SBM itself was greater relative to 
regular SBM for both CP (↑ 9%) and AA (↑ 15%). It needs to be noted that the difference 
method assumes an equal digestibility of the basal diet ingredients in diets with different CP 
content, which may be true for non-ruminants but it can definitely have an impact in ruminal 
digestion due to the different profile of nutrients available for microbial fermentation as we could 
observe in this study. Nevertheless, it can be still a valid method of comparison for diets 
differing only in the protein source since the same basal diet digestibility is used to determine 
ingredient values in the other diets.      
 As calculated by the regression method, basal endogenous losses across the small 
intestine per kilogram of duodenal DM flow were 47 ± 15 and 37 ± 12 g of CP (Adj. R2 = 0.90, P 
< 0.001, RMSE = 16.26) and AA (Adj. R2 = 0.90, P < 0.001, RMSE = 13.77), respectively. 
These losses (5.60 g ± 2.72 N/kg duodenal OM) coincide with the those found in adult dairy 
cows (5.60 ± 0.53 g N/ kg of duodenal OM) as reviewed by Marini et al., (2008) with a reference 
diet of 15 % CP. Assuming that true digestibility of N would be not different between both HICP 
diets, the TID percentage was 86 ± 8.6 and 87 ± 8.6 for CP and AA, respectively, which is 
greater than that in adult cows (75 %; Marini et al., 2008). The greater DMI, the larger presence 
of dietary forage, and the lower nutrient concentration in the diet of adult cows may reduce true 
ileal digestibility of N in the small intestine due to a greater rate of passage and the larger 
presence of non-N components in the digesta, reducing the surface of contact between digesta 
and the absorptive tissue.           




 In conclusion, the foregut and intestinal function of 3-mo weaned calves seems generally 
comparable to those of adult cows. We consider that calves tolerated the surgery and the 
cannulas very well, and that cannulas at the duodenum (especially in-between the ribs) and ileum 
provided sufficient and representative digesta with the minimum disruption in normal behavior 
and growth. At this age, as long the supply of dietary CP is sufficient microbial protein 
contributes greatly to the flow of absorbed duodenal protein, and ruminal and abomasal digestion 
of starch and NDF is substantial. True ileal digestibility of CP and AA is relatively high and 
represents a potential to improve growth and development through an adequate flow of CP and 
AA into the duodenum. Endogenous protein losses are already similar to those in adult cows per 
kg of duodenal OM flow. The use of previously hydrolyzed protein sources in CS such as an 
enzymatically treated SBM seemed to enhance microbial efficiency in the rumen and to increase 
small intestine digestibility when compared with regular SBM. Further research is needed to 




















1Calves were fed for ad libitum intake a control calf starter (CS) with regular soybean meal 
(SBM) as the main source of protein (CTRL), an isonitrogenous CS with an enzyme-treated 
SBM as the main source of protein (ESBM), or a CS with low content of CP (LOCP). 
2Enzyme-treated soybean meal (Hamlet Protein, Horsens, Denmark). 
3 Include mineral and vitamin concentrations  
 Diet
1  
Item CTRL ESBM LOCP 
Ingredient, % DM    
Cracked corn 22.50  22.50  22.50  
Whole oats 16.50  16.50  16.50  
Molasses 5.20  5.20  5.20  
Pellet 55.85  55.85  55.80  
Beet pulp shreds 9.28  20.08  45.04  
Wheat middlings 12.13  13.99  37.54  
Soybean meal, 48% CP 51.54  - - 
HP-RumenStart2 - 39.90  - 
Ground corn 18.44  17.33  8.80  
Vit-Min Mix3 7.98  7.97  7.98  
Titanium dioxide 0.72  0.72  0.72  
Chemical composition, g/kg DM    
CP 199 206 104 
Total AA 181 177 86 
NPN 1.72 1.73 2.07 
Starch 332 316 322 
FA 37.0 34.8 35.8 
NDF 196 241 280 
Ash 88.6 90.4 87.3 
Ca 14.9 15.0 14.9 
P 5.71 5.49 5.49 
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Table 12. Least squares means for BW change, DM and water intake, digesta pH, and digesta flows of nutrients at the 
duodenum and ileum of 3-mo old weaned calves. 
 Diet1       P-values 





BW change4, kg 5.45 5.48 3.70 2.45 0.62 0.58 
Intake, kg/d       
   Starter 2.91 2.37 2.83 0.48 <0.01 0.21 
   Water  10.50 9.24 8.22 2.01 0.06 0.33 
Digesta pH       
Duodenal  2.53 2.71 2.63 0.12 0.13 0.98 
Ileal 7.45 7.47 7.55 0.06 0.78 0.09 
Digesta flow, g per kg DMI       
Duodenal       
OM 490 454 397 2 <0.001 <0.001 
Starch 53.7 33.5 113.1 2.4 <0.01 <0.001 
Fatty Acids 38.8 38.9 29.2 0.4 0.87 <0.001 
NDF 119 115 148 2 0.22 <0.001 
Ash 94.0 79.9 92.2 0.6 <0.001 <0.01 
CP 206 198 76 1 <0.001 <0.001 
Net CP5 1,012 963 837 5 <0.01 <0.001 
Total AA 176 171 63 1 <0.001 <0.001 
Net total AA5 962 947 853 21 0.09 <0.001 
NPN 8.55 6.36 2.58 0.35 <0.001 <0.001 
Microbial-N 10.6 13.9 2.11 0.34 <0.001 <0.001 
Microbial-N efficiency6 21.9 26.9 2.6 0.6 <0.001 <0.001 
Microbial-N, %PN7 37.1 49.6 22.9 1.4 <0.001 <0.001 
OM digested8, kg/d 2.15 1.50 1.15 0.01 <0.001 <0.001 
Ileal       
OM 352 328 420 8 <0.001 0.01 
Starch 43.7 30.5 72.0 1.7 <0.01 <0.001 
Fatty Acids 25.3 28.6 15.4 2.1 <0.001 0.04 
NDF 145 129 207 3 <0.01 <0.001 
Ash 59.2 70.3 75.7 4.5 <0.001 0.11 
CP 73.1 81.0 52.8 2.7 <0.001 <0.001 
Total AA 57.2 64.6 42.6 2.2 <0.001 <0.001 
Non-Protein N 4.88 6.14 2.71 0.60 <0.001 <0.001 
Mucin 19.0 19.4 22.4 1.4 <0.001 <0.001 
Mucin protein 2.09 2.94 2.15 0.05 <0.001 0.02 
1Calves were fed for ad libitum intake a control calf starter (CS) with regular soybean meal (SBM) as the main 
source of protein (CTRL), an isonitrogenous CS with an enzyme-treated SBM as the main source of protein 
(ESBM), or a CS with low content of CP (LOCP). 
2P-value of the contrast between CTRL and ESBM diets. 
3P-value of the contrast of CTRL and ESBM (HICP) against LOCP. 
4Difference between BW on the last (d 10) and first day (d 1) of each period. 
5Duodenal flow of a nutrient relative to the dietary intake of that specific nutrient. 
6Grams of microbial-N per kilogram of OM truly fermented.  
7Grams of microbial-N as a percentage of the total duodenal flow of protein N. 




Table 13. Least squares means of apparent duodenal (ADD) and ileal digestibilities 
(AID) of nutrients of 3-mo old weaned calves. 
 Diet
1          P-values 





Duodenal       
OM 58.9 60.9 57.2 0.4 <0.001 0.0021 
Total AA 41.4 48.8 28.9 1.7 <0.001 <0.001 
Test ingredient4 29.7 53.7 - 1.7 <0.01  
CP 45.8 52.1 30.6 0.6 <0.001 <0.001 
Test ingredient4 24.5 53.4 - 1.6 <0.001 - 
Non-Protein N -471 -278 18 9.6 <0.001 <0.001 
Starch 83.3 89.6 64.6 0.7 <0.01 <0.001 
Fatty Acids -2.6 -8.7 15.6 0.9 <0.01 <0.001 
NDF 39.2 52.8 47.3 0.7 <0.001 0.14 
Ash -7.0 10.0 -5.4 0.7 <0.001 <0.01 
Ileal       
OM 23.9 23.0 -7.4 0.4 0.15 <0.01 
Total AA 63.9 60.8 45.0 0.3 <0.01 <0.01 
Test ingredient4 66.4 72.1 - 0.5 <0.01  
CP 60.2 57.3 40.8 0.4 <0.01 <0.01 
Test ingredient4 63.3 72.7 - 0.5 <0.001 - 
Non-Protein N 32.4 10.5 -18.1 5.2 <0.01 0.64 
Starch -11.8 32.2 -17.3 6.1 <0.01 <0.01 
Fatty Acids 29.4 27.6 49.2 0.8 0.18 <0.01 
NDF -24.8 -18.7 -51.7 3.4 0.32 <0.01 
Ash 30.7 6.9 12.9 0.5 <0.01 <0.001 
1Calves were fed ad libitum whether a control calf starter (CS) with regular soybean meal (SBM) as 
the main source of protein (CTRL), an isonitrogenous CS with an enzyme-treated SBM as the main 
source of protein (ESBM), and a CS with low content in CP (LOCP). 
2P-value of the contrast between CTRL and ESBM diets. 
3P-value of the contrast of CTRL and ESBM (HICP) against LOCP. 
4ADD and IDD of the components (CP and total AA) of the test ingredient (regular SBM in the 
CTRL diet and enzyme-treated SBM in the ESBM diet) as calculated by the difference method 
(Kong and Adeola, 2014).    
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CHAPTER 5: DUODENAL AND ILEAL DIGESTIBILITY OF REGULAR AND 
ENZIME-TREATED SOYBEAN MEAL FOR CALF STARTER IN WEANED DAIRY 
CALVES 
ABSTRACT 
The aim of this experiment was to compare the effects of an enzyme-treated soybean meal 
(SBM) in duodenal and ileal digestion in weaned young dairy calves and to estimate the 
endogenous losses of crude protein (CP) across the small intestine. A T-cannula was placed in 
the duodenum and ileum of 12 Holstein calves at 23 d of age. Calves were weaned on d 42 and 
on d 50 calves were randomly assigned to a 3 x 3 replicated Latin square with 10-d periods. The 
3 diets were fed for ad libitum intake and consisted of a control calf starter (CS) with regular 
SBM as the main source of protein (CTRL), an isonitrogenous CS with an enzyme-treated SBM 
as the main source of protein (ESBM), and a CS with low content of CP (LOCP). Flows and 
digestibilities of nutrients were compared between both soy-based high-protein diets (HICP; 
CTRL + ESBM) against LOCP, and between CTRL and ESBM and their respective test 
ingredients (regular and enzyme-treated SBM). Relative to intakes, duodenal net flows of CP and 
total AA as well as microbial N efficiency were greater, and flow of non-protein N was lower, 
with ESBM than CTRL. The apparent ileal digestibilities of CP and total AA of the test 
ingredient (enzyme-treated SBM) were greater for ESBM. We found no differences in duodenal 
or ileal digestibilities of starch or NDF. Endogenous losses across the small intestine per 
kilogram of duodenal DM flow were 42 ± 5 and 30 ± 4 g and the true ileal digestibility was 81 ± 
3 and 80 ± 3 % for CP and AA, respectively. The forestomach and intestinal digestion 
parameters suggest that an optimal balance of CP and the inclusion of previously hydrolyzed 
proteins improved the efficiency of microbial digestion and increased AA absorption despite a 
lower proportion of microbial N relative to total duodenal flow. The latter indicates that even the 
rumen undegradable protein of ESBM was more digestible. 






Protease inhibitors, lectins, antigenic proteins, polyphenols, oligosaccharides, goitrogens, 
phytates, and saponins are among the antinutritional factors (ANF) in soybeans with a significant 
negative effect on calf performance (Huisman and Jansman, 1991). However, in older calves 
rumen fermentation rather than immune adaptation seems to reduce the appearance of antigenic 
reactions (Barratt et al., 1978; Tukur et al., 1993). In the weaned calf, no immunological 
reactions to soybean globulins were found, even when trace amounts still reached the ileum 
undigested (Tukur et al., 1993). Fermentation with rumen fluid increases the vulnerability of 
soybean globulins to complete pepsin hydrolysis (Mir et al., 1989), inactivating any possible 
antigenic capacity (Barratt et al., 1978) so that there were no differences between treated or 
untreated soybean protein (Lynch et al., 1988). Even during the pre-weaning period, older calves 
seem to resist better the effects of soybean antigens (Barratt and Porter, 1979) and perform better 
(Akinyele and Harshbarger, 1983). Even though authors attribute this effect to a greater 
permeability of the mucosal barrier in early stages of the development, it is probable that some 
microbial fermentation is already taking place using the small amounts of milk and water that is 
able of enter the rumen (Rey et al., 2012).  
Rumen fermentation in older calves is not able to counteract the negative effects of proteases 
inhibitors in raw soybeans (Daniels et al., 1972; Abdelgadir et al., 1984), which emphasizes the 
importance of feeding the right protein source during the weaning phase (Drackley, 2008). A calf 
starter (CS) with only a 5% inclusion of microbial-treated soybean meal (SBM) increased body 
weight, reduced fecal and health scores, and reduced concentration of acute phase proteins and 
cortisol post weaning (Kim et al., 2012). Kim et al. (2010) fed a CS with 5% of a Aspergillus 
oryzae-fermented SBM to preweaning calves and challenged them with a microbial infection (1 
mL porcine Hog cholera and Erysipelothrix insidiossa live vaccine) at 21 d of age. There were 
no differences in DMI or weight gain in comparison with the control group (100% regular SBM). 
However, calves fed the microbial-treated SBM showed an improved immune response to the 
microbial challenge as reflected by lower incidence of diarrhea and higher production of 
haptoglobin and the antigen-specific serum protein IgA (Kim et al., 2010). Calves fed microbial-
treated soybean meal showed less autoimmune response to the antigen glycine β-conglycinin  
than calves fed heated or extruded soybean (Mir et al., 1993). In piglets, ingestion of microbial-
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treated SBM reduced severity of diarrhea, increased feed intake, ADG, and feed efficiency 
(Kiers et al., 2003), and resulted in villus height being higher at the duodenum, jejunum, and 
ileum in comparison with heated SBM (Feng et al., 2007). In addition, microbial treatment 
releases bioactive components that enhance the immune system response (Wolfswinkel, 2009) 
and other health benefits (Chatterjee et al., 2018). In fact, supplementation with Bacillus subtilis 
natto, a fungus isolated from microbial-treated soybeans, increased calf immune function (higher 
serum IgG and IFN-γ) and promoted better growth rates (Sun et al., 2010).  
Microbial-treated SBM shows promising effects and, to our knowledge, no comparison of 
dietary nutrient digestibility between regular and microbial-treated SBM in dairy calves has been 
made. Therefore, our objectives were to compare apparent duodenal digestibility (ADD) and 
apparent ileal digestibility (AID) of diet and ingredients in weaned dairy calves fed CS based on 
either regular SBM or an enzyme-treated SBM in weaned dairy calves. Our hypothesis was that 
due to the reduction in ANF and the increased proportion of small size peptides, the enzyme-
treated SBM diet would improve ruminal digestion and small intestine absorption of CP and AA. 
MATERIALS AND METHODS 
Animals and Treatments 
The Institutional Animal Care and Use Committee at the University of Illinois at Urbana-
Champaign approved all procedures (protocol #18146). Twelve Holstein calves (11 males and 1 
freemartin female) were transported at approximately 2 d of age from a commercial dairy farm to 
the Nutrition Field Laboratory at the University of Illinois. Calves were housed individually in 
outdoor PVC hutches placed on crushed limestone and bedded with straw. Calves were fed twice 
daily (6:30 a.m. and 18:30 p.m.) a commercial milk replacer (28.5% CP, 15% fat: Excelerate, 
Milk Specialties Global Animal Nutrition, Eden Prairie, MN) reconstituted to 15% solids and fed 
at a rate of 1.5% (DM) of BW for wk 1, 2% of BW thereafter until wk 4, and 1.5% of BW during 
wk 5. Milk replacer was reduced gradually over 1 wk and calves were weaned on d 42. Calves 
had ad libitum access to water and to a SBM-based CS, which was later used as the control diet. 
Starter was multi-textured and was offered in a bottle with nipple until d 49 (Coburn Braden, 
Whitewater, WI). After that, the 3 experimental starters were offered in a bucket mixed with 5% 
(as-fed basis) of chopped grass hay until the end of the experiment.  
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At 23 d after arrival, calves were fitted with T- cannulae at the terminal ileum and proximal 
duodenum during the same surgical procedure. Pre-surgery and surgical procedures were as 
described elsewhere  (Ansia et al., 2019). Unlike calves cannulated only at the ileum, double-
cannulated calves were returned to full feeding gradually over a period of 5 d. For future 
reference, we found this detail to be a key for the successful recovery of young calves cannulated 
at the duodenum under a high plane of nutrition. On d 50 of life, calves were blocked by BW and 
randomly assigned to a replicated 3 × 3 Latin square with 10-d periods. The 3 experimental diets 
were: a control CS with regular SBM as the main source of protein (CTRL), an isonitrogenous 
CS with an enzyme-treated SBM (HP-RumenStart, Hamlet Protein A/S, Horsens, Denmark) as 
the main source of protein (ESBM), and a CS with low content of CP (LOCP). The LOCP diet 
contained CP only from the basal cereals and byproduct ingredients. Titanium dioxide (0.4% 
DM basis) and acid insoluble ash (AIA) were used as indigestible markers for the digesta. Diet 
and chemical composition of each treatment are summarized in Table 14 and Table 15. 
Measurements and Chemical Analysis 
On d 7 and 8 of each period, a 250-mL plastic bag (Nurser standard liners, Playtex®, North 
Bergen, NJ) was attached to the cannula at the ileum with an auto-locking cable tie after 
removing the cap. Bags were removed when full or approximately every 30 min, continuously 
during 12 h (between the a.m. and p.m. meals). The same procedure was performed on d 9 and d 
10 to the cannula at the duodenum with the exception that collection was restricted to intervals of 
2 h with 2-h periods of no collection in between. This method was applied in order to avoid an 
excessive loss of water and electrolyte flow into the small intestine because of the considerable 
flow of digesta out of the duodenal cannula. Starting time of collection was alternated between 
days to cover the whole timeframe within a day. For each bag, digesta pH was measured 
immediately with a portable pH meter (Accumet AP110, Fisher Scientific, Atlanta, GA), and the 
content was frozen thereafter. Samples were pooled by calf and period. Calf starter samples were 
collected every second day starting on d 4 on each period, and composited by period before 
analysis. Dry matter and ash were determined for all calf replacers and freeze-dried digesta by 
drying in a forced-air oven at 135°C for 2 h and heating at 600°C for 3 h, respectively. Complete 
AA profile (AOAC Official Method 982.30 E(a,b,c)), CP (Combustion Analysis (LECO), 
AOAC Official Method 990.03, 2006), AIA (AOAC Official Method 942.05), NDF (Robertson 
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and Van Soest, 1981), ADF (AOAC Official Method 973.18 (A-D)), non-protein nitrogen (NPN, 
Wohlt et al., 1973), starch (Amer. Assoc. Cereal Chemists, Approved Methods, no. 76-13), fatty 
acids (FA, AOCS Official Method Ca 5b-71), minerals (AOAC Official Method 968.08), and 
titanium (Myers et al., 2004) analyses on feed and digesta were performed at the Agricultural 
Experiment Station Laboratory of the University of Missouri-Columbia. 
Body weight and body frame measurements [heart girth (HG), body length (BL), withers 
height (WH), hip height (HH), and hip width (HW)] were recorded at the beginning and at the 
end of each 10-d period, while water and solid feed intake were measured twice daily. 
Respiratory health (eyes, nasal, and breathing scores) and fecal scores were recorded twice daily.  
Flow of Nutrients 
The flow of any nutrient expressed in g per kg of DMI was calculated by multiplying its 
concentration (DM basis) in digesta (duodenal or ileal) by the flow of DM calculated according 
to the following equation: 
 




[ 12 ] 
 
where Markerdiet and Markerdigesta are the average of Ti and AIA concentrations in g per kg 
DMI in diet and digesta, respectively (Montagne et al., 2000).  
Apparent Duodenal and Small Intestine Disappearance 
The apparent duodenal disappearance (ADD) of any given nutrient was calculated using the 
following equation: 
 
ADD, % = [𝟏 − (
𝐍𝐮𝐭𝐫𝐢𝐞𝐧𝐭𝐝𝐮𝐨𝐝𝐞𝐧𝐚𝐥
𝐍𝐮𝐭𝐫𝐢𝐞𝐧𝐭𝐝𝐢𝐞𝐭
)  ×  (
𝐌𝐚𝐫𝐤𝐞𝐫𝐝𝐢𝐞𝐭
𝐌𝐚𝐫𝐤𝐞𝐫𝐝𝐮𝐨𝐝𝐞𝐧𝐚𝐥
)]  × 𝟏𝟎𝟎       [ 13 ] 
where  Nutrientduodenal and Nutrientdiet are the concentrations (g/kg) in digesta at the 
duodenum and diet (DM basis), respectively, and  Markerdiet and Markerduodenal are the 
average of Ti and AIA concentrations (g/kg) in diet and digesta at the duodenum (DM basis), 
respectively (Stein et al., 2007).  
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Similarly, the apparent small intestine disappearance (AID) of any given nutrient was 
calculated using the following equation: 
 
AID, % = [𝟏 − (
𝐍𝐮𝐭𝐫𝐢𝐞𝐧𝐭𝐢𝐥𝐞𝐚𝐥
𝐍𝐮𝐭𝐫𝐢𝐞𝐧𝐭𝐝𝐮𝐨𝐝𝐞𝐧𝐚𝐥
)  × (
𝐌𝐚𝐫𝐤𝐞𝐫𝐝𝐮𝐨𝐝𝐞𝐧𝐚𝐥
𝐌𝐚𝐫𝐤𝐞𝐫𝐢𝐥𝐞𝐚𝐥
)]  × 𝟏𝟎𝟎       [14 ] 
where  Nutrientduodenal and Nutrientileal are the concentration (g/kg) in digesta at the 
duodenum and ileum (DM basis) respectively, and Markerileal and Markerduodenal are the 
average of Ti and AIA concentrations (g/kg) in digesta at the ileum and duodenum (DM basis), 
respectively (Stein et al., 2007).  
The linear relationship between the CP or AA absorbed in the small intestine (e.g., 
digestible CPduo) and the respective contents of duodenal flow (CPduo) can be expressed 
according to the following equation: 
 Digestible 𝐂𝐏𝐢𝐥𝐞𝐨 = 𝐂𝐏𝐞𝐧𝐝𝐨 + 𝐚 ∗  𝐂𝐏𝐝𝐢𝐞𝐭 [ 15 ] 
where the intercept of the regression (CPendo) will be the flow of intestinal endogenous CP losses 
(i.e., flow of CP at zero duodenal CP flow), and the slope (a) will be an estimate of the true 
digestibility of CP (Mariz et al., 2018).  
Flows of Microbial, Endogenous, and Undegraded Protein 
 Flows of microbial, endogenous and undegraded protein in duodenal and ileal digesta 
were estimated by the AA profile method (AAP) proposed by Duvaux et al. (1990). This method 
employs multiple regression analysis to estimate the theoretical proportions of each protein that 
minimizes the χ2 distance with respect to the composition of AA of the digesta. The χ2 distance 
between 2 proteins i and j is calculated according to the following equation: 
χ2  = (
AAij
√AAij






where AAij and AAik are the percentages of AAk in the sum of all the analyzed AA (k=17) in 
proteins i and j respectively. The lower the χ2 distance, the higher is the similarity between the 
proteins involved in each comparison.  
Reference AA profiles found in the literature were used for each of the proteins. For the 
endogenous protein flow at the duodenum, the mean AA profile of adult cows (Larsen et al., 
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2000; Richter et al., 2010) and growing goats (Zhou et al., 2008, 2009) was used, whereas only 
that of the adult cow (Larsen et al., 2001) was used for the flow at the ileum. For microbial 
protein, the AA profile as detailed reviewed by Sok at al., (2017) was used for both sites, and the 
AA profile of the diets was used as reference for undegraded protein at both sites as well.    
 
Statistical Analysis 
Data for pH were analyzed independently for each site of the small intestine and were 
composited by hour. Comparisons of mean pH per diet were obtained using the PROC MIXED 
procedure in SAS version 9.4 (SAS Institute, 2012) with the REPEATED statement. The 
covariance structure that resulted in the smallest Bayesian and Akaike information criterion was 
chosen. Period, treatment, and post-feeding hour plus its interaction with treatment were 
included as fixed effects while time nested within calf and day was included as a random factor. 
The SLICE statement was used to find differences in the interaction between treatments. Initial 
pH values and a set of variables representing the sequence of treatments to account for the carry-
over effect were included as covariates. Digesta pH LSMEANS per hour were obtained when the 
time effect was significant, and were fitted to the best possible broken-line model according with 
the adjusted R2 value, significance of the parameter estimates, and visual appraisal of the 
residuals using NLREG [v. 6.5, Brentwood, TN; Sherrod (1991)]. Digesta pH fluctuation was 
fitted using the equation: 
pH = [a0 + (b2*max(0, time – x1))] + [b1*max(0, time)] + [b3*max(0, time- x2)] 
where a0 is the estimate of initial pH, b1 and b3 are the two negative slopes and b2 the positive 
one, x1 and x2 are the estimates of the time points where a significant change in slope occurs 
(knots), and time is the hour post-feeding after the morning meal. 
Comparisons between treatments for mean digesta pH, BW and body frame measurements 
(both actual changes and increments as a percentages of the initial value), solid feed and water 
intake, and fecal scores were analyzed as mixed-effect models with treatment, period, and day 
(only for variables measured daily) as fixed effects, calf as random, and the DMI average per 
period (as a percentage of BW) and carryover variables as covariates within the PROC MIXED 
procedure in SAS. Comparisons of ADD, AID, and flow of nutrients between diets were 
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performed using PROC MIXED with diet and period as fixed factors, and with calf as random. 
The CONTRAST statement was used to compare the 2 soy-based high-protein diets (HICP) with 
the LOCP diet, and the control with the ESBM diet. A one-sample t test was performed on the 
ADD and AID for each diet to determine if a net outflow or inflow existed (i.e., means by 
treatment different from zero) using the TTEST procedure with a 95% confidence interval. 
Assumptions about the normality and homogeneity of residuals derived from all the analyses of 
variance were checked using the PROC UNIVARIATE procedure and the INFLUENCE option 
within PROC MIXED in SAS.   
RESULTS 
Body Growth, Intake, and Health Scores 
We found a tendency for a greater (P = 0.07) BW gain and increment with the high-protein 
starters in comparison with LOCP (Table 16). The changes in BL (P = 0.04) were lower with the 
LOCP diet. On the other hand, the increments of HG (P = 0.06) and HW (P < 0.01) tended and 
were greater with the LOCP diet, respectively. When comparing the 2 high-protein diets, we 
observed a tendency (P = 0.09) for a greater HG increment with the ESBM diet. Starter (P = 
0.09) and water (P = 0.04) daily intake (kg/d) tended to be and were lower with LOCP than 
HICP, respectively (Table 17). However, intakes as a percentage of BW were only lower for 
water. Fecal scores (P = 0.03) were lower with the LOCP diet and we observed no differences 
between the 2 high-protein diets (Table 17). Diet did not affect any of the respiratory health 
scores (Table 18). Whereas, diet tended (P = 0.07) to affect the probability of having high fecal 
scores. Calves in HICP had 12-fold greater chances of having a fecal score above 2. 
Digesta pH 
Mean duodenal pH was lower (P < 0.01) with the LOCP diet than both high-protein diets, 
and tended (P = 0.07) to be greater with the CTRL than with the ESBM diet (Table 19). On the 
other hand, ileal digesta pH was lower (P < 0.05) with the CTRL diet in comparison with the 
ESBM diet. While duodenal pH was not affected by the time post-feeding, digesta pH at the 
ileum fluctuated according with the model parameters in Table 20. In summary, pH dropped 
after the morning meal until approximately 9 h later and then increased rapidly until reaching 
pre-prandial values 12 h after feeding (Table 19).  
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Apparent Duodenal Digestibility  
Apparent duodenal digestibility of OM (P = 0.02), NDF (P < 0.01), ash (P < 0.001), P (P = 
0.07), and starch (P = 0.01) were greater and those of NPN (P < 0.001) were lower for the high-
protein diets than for LOCP (Table 21). Between the 2 high-protein diets, CTRL showed greater 
(P < 0.01) ADD of OM and ash. However, neither of those ADD values of ash were different 
from zero indicating a balance between in- and outflow of mineral content. Negatives ADD 
values (positive net outflow) of ash and FA would reflect the addition of minerals from the gut 
endogenous secretions, and the synthesis of FA from microbial fermentation in the rumen, 
respectively. Similarly, the LOCP diet also showed a positive net outflow of total AA and CP. 
The ADD of CP and total AA were not different from zero for CTRL and that of CP for ESBM, 
however, ESBM showed a positive net outflow of AA.  The balance between in- and outflows or 
strictly negative values of ADD for AA and CP indicate a substantial contribution of synthesis de 
novo of microbial protein and passage of undegraded dietary protein. Except for Pro and Cys, all 
the individual AA and CP showed a greater ADD (or lower net outflow) with HICP than with the 
LOCP diet. Between the high-protein diets, ADD was greater with the CTRL diet for all AA, 
except for Ala, Cys, Gly, Met, and Ser, for which there were no differences observed. Looking 
only at the components of the test ingredients (regular or enzyme-treated SBM within the CTRL 
and ESBM diets, respectively), ADD of CP and total AA was greater for regular SBM, whereas 
it was not different from zero for enzyme-treated SBM indicating a greater contribution of that 
ingredient to microbial protein synthesis or a greater flow of undegraded dietary protein. 
Small Intestine Digestibility  
Digestibility across the small intestine was greater with HICP for OM (P < 0.01), ash (P < 
0.01), P (P < 0.001), and NDF (P < 0.01) than with LOCP (Table 22). Between the 
isonitrogenous diets, ash (P < 0.001) and Ca (P < 0.01) AID were greater and that of NPN (P = 
0.1) tended to be greater with the CTRL diet. There was not a significant digestibility of NDF for 
CTRL, whereas the negative value during LOCP reflects a net contribution at the end of the 
ileum. Apparent small intestinal digestibility was greater for all individual AA (P = 0.01) and CP 
(P < 0.001) with HICP than with LOCP, expect for Gly which only tended to be greater (P = 
0.1) and Glx for which dietary CP level showed no effect. During ESBM, we found a greater 
AID of Arg (P = 0.04), Glx (P = 0.03), Ile (P = 0.04), Leu (P = 0.02), Phe (P < 0.001), Tyr (P = 
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0.05) and a tendency for greater AID of Gly (P = 0.1) when compared with the control diet. 
Comparing only the test ingredients, the AID of the enzyme-treated SBM was greater (P = 0.01) 
for CP and total AA than that of regular SBM. 
Ileal and Duodenal Digesta Flows 
Duodenal flow of digesta (DM basis) per kg of DMI was greater (P < 0.01) for the LOCP 
than for HICP (Table 23). However, duodenal flow of CP, total AA, and NPN were lower (P < 
0.001) and those of starch (P < 0.01), NDF (P < 0.001) and ash (P < 0.001) were greater with 
the LOCP diet. Between the high-protein diets, duodenal flows of DM (P < 0.01), total AA (P = 
0.01), and NDF (P < 0.001) were greater with the ESBM diet, whereas the NPN (P < 0.001) and 
ash (P = 0.01) flow were lower compared with CTRL. Digesta net flows (i.e., relative to the 
intake of each respective nutrient) of CP, total AA, and NPN (relative to protein N intake) were 
all greater (P < 0.001) with HICP. Within HICP, flows of CP and AA were greater (P < 0.001) 
with ESBM and those of NPN were lower than with CTRL.  
Flows of DM (P < 0.001), starch (P = 0.06), NDF (P < 0.001) and ash (P < 0.001) at the 
ileum by kg of DMI tended to be or were greater with the LOCP diet than with HICP. Ileal flows 
of CP (P < 0.001), total AA (P < 0.001), NPN (P < 0.001), and FA (P = 0.02) were lower with 
LOCP than HICP. Between the high-protein diets, only the ileal flows of NDF (P = 0.04), ash (P 
= 0.01), and DM (P = 0.09) were greater or tended to be greater with ESBM. 
Duodenal Flows of Microbial Protein Synthesis, and True Duodenal Digestibility  
 Flow of microbial N (P < 0.001), and its efficiency per kg of OM (P = 0.03) and 
carbohydrates (CHO; P = 0.02) digested at the duodenum were lower with LOCP than HICP 
(Table 24). Percentage of microbial N flow relative to total duodenal flow of N and only protein 
N were greater (P < 0.001) for LOCP instead. Amounts of OM (P < 0.001), CHO (P < 0.01), 
CP (P < 0.001), starch (P < 0.001), NDF (P = 0.02) digested at the duodenum per day, and the 
ratio CP to CHO digested (P = 0.01) were lower with LOCP than with HICP. Flow of NPN per 
day (P < 0.001) and per kilogram of CP digested (P = 0.05) were also lower for LOCP.  Once 
corrected by the microbial protein flow, the true duodenal digestibility (TDD) of CP and AA was 
greater (P < 0.001) with LOCP than HICP. Between the soy-based diets, microbial N flows were 
not different but the efficiency per kilogram of CP digested was greater (P < 0.01) with the 
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ESBM diet. Accordingly, the percentage of microbial N relative to total or protein N flow was 
lower with ESBM. Daily amounts of OM (P < 0.01), CHO (P < 0.001), CP (P < 0.01), starch (P 
< 0.001), and NPN (P < 0.001) were lower with ESBM than with CTRL. The TDD of CP (P < 
0.001) and AA (P < 0.01) were lower for the ESBM diet than for the CTRL, and for the enzyme-
treated SBM than for regular SBM (P = 0.02) when just comparing the test ingredients.     
Endogenous N losses and True Ileal Digestibility  
 According with the regression method, endogenous CP and AA losses at the end of the 
ileum were 42 ± 5 and 30 ± 4 g/kg of DMI, respectively and accounted for approximately 50 and 
45% of the total ileal flow, respectively (Table 25). Besides Glx (Glu + Gln) and Asx (Asp + 
Asn), Leu (2.7 g/kg DMI) and Ala (2.2 g/kg DMI) were the individual AA with the biggest 
contribution to those endogenous AA losses. True ileal digestibilities for CP and AA were 81 
and 80%, respectively. Among all individual AA, Arg (94%) showed the greatest and Cys 
(57%), the lowest TID while the rest of the AA showed values between 70 and 80%.  
Flows of Microbial, Endogenous and Undegraded protein with the AAP method 
 The AAP method yielded a percentage of the total CP duodenal flow of 10, 52, and 38% 
with LOCP, of 6, 45, and 48% with ESBM, and of 7, 52, and 41% with CTRL for endogenous, 
microbial, and undegraded protein, respectively. For the ileal flow, coefficients were of 42, 22, 
and 34% with LOCP, of 68, 0, and 27% with ESBM, and of 65, 0, and 30% with CTRL for 
endogenous, microbial, and undegraded protein, respectively. Accordingly, duodenal flows of 
endogenous protein were not different between CTRL and ESBM. However, flows of microbial 
were greater (P < 0.001) and those of undegraded protein smaller (P < 0.001) for ESBM than 
CTRL at the duodenum (Fig. 5a). At the ileum, endogenous protein flows were also not different 
but those of undegraded protein were greater (P < 0.001) with ESBM than with CTRL. Total 
(microbial + endogenous) protein losses with LOCP were 38 g per kg of DMI and represented 
64% of the total CP flow (Fig. 5b). Comparing the duodenal and ileal fractions of undegraded 
protein, we obtain a greater (P < 0.001; SEM = 1.46) TDD of CP (58.4%) for LOCP than for 
HICP (54.6%), whereas that of AA was not different (SEM = 1.40; 57.8 vs. 55.9, respectively). 
Between the soy-based diets, the TDD of CP and AA was greater (P < 0.001) for CTRL (60.6 
and 61.8%) than for ESBM (48.5 and 50%). On the other hand, the TID was lower (P < 0.001) 
with LOCP (SEM = 3.67; 58.6 and 57.6%) than with HICP (SEM = 1.54; 73.4 and 74.3%) for 
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CP and AA, respectively. The TID with the ESBM (77.1 and 79.2%) of CP and AA, 
respectively, was greater than with CTRL (69.6 and 69.5%).  
DISCUSSION 
 Despite a lower disappearance at the duodenum of CP and AA with the ESBM diet, the 
net flow of both nutrients was greater than with CTRL. Feeding of a CS with an enzyme-treated 
instead of regular SBM as the only source of protein increased the efficiency of microbial protein 
synthesis. The AID was greater only for the enzyme-treated SBM itself but no differences were 
found between diet digestibilities. However, once adjusted by the estimated total endogenous 
losses the TID of CP and AA was greater for the enzyme-treated SBM and the ESBM diet. 
Digestion parameters with the LOCP diets indicate that microbial protein synthesis can still 
contribute greatly to the duodenal flow of N. However, an adequate level of CP level is required 
to maximize microbial growth efficiency and enhance duodenal and ileal digestibility of the non-
N dietary nutrients.   
The differences observed between diets in duodenal digesta pH may not be biologically 
relevant and are within the range of values observed in healthy adult cows (Van Winden et al., 
2002). If anything, the greater supply of degradable protein with HICP could possibly have 
reduced ruminal and consequently duodenal pH, by an increase in microbial activity and 
therefore production of VFA (Schlau et al., 2012). However, whether due to a greater rate of 
VFA absorption or to many other dietary, physiological, or genetic factors (Pilachai et al., 2012; 
Schlau et al., 2012; Gao and Oba, 2016), this reduction in pH is not always seen as in our study. 
The greater proportion of soluble fiber and NSC in the LOCP diet might have instead  increased 
VFA production in the rumen and slightly altered digesta pH (Pantoja et al., 1994). Among other 
benefits, enzymatic treatment of SBM reduces the presence and activity of ANF in regular SBM 
(Reddy and Pierson, 1994). The greater content of protease inhibitors in the CTRL diet might 
have reduced the capacity for pH regulation by the acinar-ductal units of the exocrine pancreas 
as digesta passes across the duodenum, explaining the lower digesta pH at the ileum relative to 
the other diets.   
 As observed in our study, fully functional ruminants have a constant flow of digesta 
through the abomasum and diurnal fluctuations of pH are not as prominent as those in young 
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milk-fed calves (Constable et al., 2006), even though ingestion of solid feed does stimulate acid 
production in the rumen and abomasum (Kim et al., 2016). However, we did find a pH 
fluctuation at the ileum that resembled that in young milk-fed calves (Ansia et al., 2019), 
decreasing shortly after the fresh starter was offered until approximately 9 h after when pH 
started to recover. This finding suggests that the fluctuation of pH at the ileum might be a helpful 
tool to study forestomach function and abomasal emptying (I. Ansia, unpublished data) even in 
weaned calves.        
 The purpose of the inclusion of a low CP diet was to extrapolate digestibilities of the test 
ingredients in the other 2 diets and to estimate endogenous losses across the small intestine. 
However, we found interesting results that can help to increase knowledge of digestive function 
of young weaned calves. The greater duodenal flow (and reduced ADD) of starch, NPN, NDF, 
and reduced microbial N with LOCP indicates that the lack of sufficient available protein might 
have reduced the microbial and enzymatic digestion in the forestomach (Reynal and Broderick, 
2003).  However, the LOCP diet had the greatest ratio of microbial to total duodenal N and the 
greatest net flow of CP and AA indicating still a substantial contribution of microbial protein 
towards the protein flow available for absorption. The efficiency of microbial protein synthesis 
per kilogram of OM digested (EMPS) was lower than HICP but not that per kg of CP or starch 
digested. The degradability of carbohydrates rather than that of protein or the synchrony between 
both plays a bigger role in microbial growth (Hoover and Stokes, 1991; Seo et al., 2013). 
Nitrogen recycling into the rumen is a key mechanism to supply N available for the 
microorganism and may be responsible for this improved efficiency during an imbalance of 
dietary protein availability (NRC, 2001; Valkeners et al., 2004). In fact, LOCP had the greatest 
duodenal flow of NPN in g per kg of protein N intake suggesting sufficient N available for 
incorporation into microbial protein (Seo et al., 2013; Schwab and Broderick, 2017). 
Accordingly, the AAP method revealed that the LOCP diet had the largest contribution of 
endogenous protein relative to total protein flow increasing therefore the N available for 
microbial growth. Despite the higher content of NDF in LOCP, dietary fiber does not seem to 
greatly influence the incorporation of endogenous or recycled urea-N into microbial protein 
(Ouellet et al., 2002).  
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 Despite the large contribution of microbial protein, approximately 70% of the total ileal 
CP flow corresponded only to endogenous protein losses. The AID of CP and AA was reduced 
with LOCP because of the relatively low flow of undegraded and microbial protein at the end of 
the ileum compared with endogenous proteins and because of the greater content in other non-N 
components (van Bruchem et al., 1989). Nevertheless, the TID was also reduced with LOCP 
likely due to the diminished effect of rumen fermentation over the undegraded protein fraction 
(Hesselholt, 1987; van Bruchem et al., 1989).  
Negative NDF digestibility in the small intestine also has been found in adult cattle 
(Panah et al., 2019) and has been attributed to a deficient representation of the particle flow by 
the markers (Olijhoek et al., 2016). However, other components of the ileal digesta such as 
glycoproteins, microbes, and sloughed epithelial cells share some of the same sugar residues 
present in dietary fiber and can contribute to dietary “fiber” measurement when using the NDF 
method (Montoya et al., 2016).          
Enzymatic treatment of feed ingredients can promote microbial protein synthesis by 
increasing its degradability even without modifying its chemical composition (Seo et al., 2013). 
However, we found a lower duodenal degradability for the enzyme-treated SBM and the ESBM 
diet. Accordingly, previous chemical analyses of both protein sources found that enzyme-treated 
SBM has less soluble protein (9 vs. 27% CP), degradable protein (42 vs. 49% DM) and more 
neutral detergent insoluble CP (8.3 vs. 6.4% DM). These findings suggest that likely the more 
readily degradable fraction of CP was already degraded during the enzymatic treatment, resulting 
in a higher concentration of the less degradable fraction in the final product.    
Assuming that most of the true digestion of OM occurred in the rumen (Ipharraguerre et 
al., 2002), we observed less OM available for microbial protein synthesis with ESBM than with 
CTRL per day. However, we found no differences in microbial protein daily flow or on its 
efficiency. Unlike the EMPS that is a reliable indicator of the use of energy by the microbes, the 
greater efficiency of microbial synthesis per kilogram of dietary CP available or efficiency of N 
utilization (ENU) with ESBM indicates a better utilization of the available N to create microbial 
protein (Bach et al., 2005). Less degradable proteins can increase microbial growth by means of 
a more efficient capture of dietary N (Beever et al., 1987; Harun, 2019). Even though we did not 
consider the available N for microbial growth from endogenous proteins in the rumen, we found 
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no differences in duodenal NPN flow per kilogram of digested CP or in the endogenous protein 
flows estimated by the AAP method. However, urea N recycling could also have compensated 
the deficiency of RDP and become an important source of N available for ruminal microbes 
despite not finding differences in NPN duodenal flow since dietary CP level does not alter 
microbial utilization of ruminal NPN (Agle et al., 2010). In addition, microbial enzymatic 
hydrolysis of soy protein increases the proportion of small size molecules and reduces the 
presence of anti-nutritional factors, which can promote ruminal microbial activity as well 
(Reynal and Broderick, 2003; D’Mello, 2006).   
Carbohydrate fermentation is the most important factor limiting microbial synthesis 
(Hoover and Stokes, 1991; Seo et al., 2013). Since at priori available energy in the rumen did not 
seem to be limiting in our experiment, the actual balance between energy and protein available 
digested was likely the reason to obtain the maximal microbial efficiency with the ESBM diet 
(Clark et al., 1992). An excess of degradable carbohydrates might reduce microbial growth 
efficiency by energy spilling (dissipated as heat) and synthesis of reserve carbohydrate 
(Hackmann and Firkins, 2015). As proposed by Bach et al., (2005), the EMPS and ENU are 
complimentary indicators of the microbial nutrient uptake. Accordingly, we stablished a 
quadratic relationship (Fig. 6) between both measurements and obtained the optimal efficiency 
of microbial growth with an EMPS of 54 g of microbial N/kg of OM digested and an ENU of 
205 g of microbial N/kg of CP digested. In these optimal conditions, there would be an uptake of 
128 % of the N available by the microbes, which means there was a contribution of endogenous 
N. Accordingly, the ESBM diet showed the closest EMPS and ENU values to those of the 
maximum efficiency. The CTRL diet was the only one were not all the dietary N (97%) was used 
for microbial protein synthesis.          
Starch disappearance was not as high (↓ 12%) as observed in 1.5-mo older calves (Ansia, 
unpublished data) or adult cows (Herrera-Saldana et al., 1990a; Panah et al., 2019). Similarly, its 
small intestinal digestibility, which is usually between 60 and 70 % and is quite consistent in 
adult cows, regardless of whether it occurs through microbial fermentation or enzymatic 
hydrolysis (Gilbert et al., 2015; Panah et al., 2019), also was slightly lower in our study (↓ 29%). 
Duodenal disappearance of NDF was on the other hand substantially lower in our study than in 
adult cows (↓ 68%) or older calves (↓ 29%). These differences indicate that while already 
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functioning as ruminants, recently weaned calves still lack of the full capacity to digest complex 
carbohydrates in the rumen but that it improves at a fairly quick pace with time (Gelsinger et al., 
2019a). Our NDF and starch ADD values agree closely with those reported by Gelsinger et al., 
(2019a) during in situ 9-h ruminal incubations. While in their study NDF digestibility values did 
not vary between 9-h and 24-h incubation times, those of starch increased substantially with 
incubation time, which indicates that its digestibility could be influenced by the passage rate 
through the rumen. Fractional ruminal passage rate does not seem to suffer important changes 
after weaning (Vazquez-Anon et al., 1993; Gelsinger et al., 2019b), however the increase in 
rumen volume rises greatly the particle mean retention time in the rumen (Vazquez-Anon et al., 
1993). In addition, rumination time also increases with age and DMI (Swanson and Harris, 1958) 
and will therefore contribute to the greater starch digestibility in older animals.  
Even with a greater flow of undegraded dietary protein, enzyme-treated SBM had a 
greater AID of CP and AA across the small intestine and a TID of the diet according with the 
estimates of the AAP method. Enzymatic hydrolysis of soy protein can improve its small 
intestinal digestion due to the smaller peptide size (Kiers et al., 2000; Feng et al., 2007) and due 
to the greater action of ruminal fermentation over the undegradable protein fraction (Hesselholt, 
1987).  
 Endogenous losses (4.93 ± 1.24 g N/kg duodenal OM) were in close agreement with 
those found in adult dairy cows (5.60 ± 0.53 g N/ kg of duodenal OM) as reviewed by Marini et 
al. (2008).  True ileal digestibility percentage was 81 ± 2.8 and 80 ± 2.8 for CP and AA, 
respectively, which is greater than that in adult cows (75 %; Marini et al., 2008; Mariz et al., 
2018). The greater DMI, the larger presence of dietary forage, and the lower nutrient 
concentration in the diet of adult cows may reduce TID of N in the small intestine due to a 
greater rate of passage and the larger presence of non-N components in the digesta, which would 
decrease the surface of contact between digesta and the absorptive tissue (Colucci et al., 1982; 
Van Soest, 1983).  
CONCLUSIONS 
The ruminal and intestinal function of recently weaned calves resembles that of mature 
cows. However, the ruminal digestion of starch and NDF is still not optimal and it may limit 
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synthesis of microbial protein. Already at this age, microbial protein contributes to 
approximately half of the duodenal N flow, which therefore can influence intestinal digestibility 
of CP and AA. An enzyme-treated SBM-based CS enhanced microbial efficiency in the rumen 
and AID of CP and AA when compared with a regular SBM-based CS. Endogenous N losses 
represent 20% of the total CP reaching the ileum and therefore must be accounted when 





TABLES AND FIGURES 
Table 14. Ingredient composition of calf starters 
 Diet
1  
Ingredient, % DM CTRL ESBM LOCP 
Cracked corn 22.50 22.50  22.50  
Whole oats 16.50 16.50  16.50  
Molasses 5.20 5.20  5.20  
Pellet 55.85 55.85  55.80  
Beet pulp shreds 9.28 20.08  45.04  
Wheat middlings 12.13 13.99  37.54  
Soybean meal 48% 51.54 - - 
HP-RumenStart2    - 39.90  - 
Ground corn 18.44 17.33  8.80  
Vit-Min Mix3 7.98 7.97  7.98  
Titanium dioxide 0.72 0.72  0.72  
1Calves were fed for ad libitum intake a control calf starter (CS) with regular soybean 
meal (SBM) as the main source of protein (CTRL), an isonitrogenous CS with an 
enzyme-treated SBM as the main source of protein (ESBM), or a CS with low content of 
CP (LOCP). 
2Enzime-treated soybean meal (Hamlet Protein, Horsens, Denmark). 
3 Calcium carbonate: 5.4%; monocalcium phosphate: 1.4%; magnesium oxide: 0.12%; 
sodium chloride: 0.7%; trace mineral and vitamin mix: 0.3% (ADM Animal Nutrition, 











Table 15. Chemical composition of calf starters (g/kg DM) 
 Diet  
Item1 CTRL ESBM LOCP 
OM 911 910 913 
CP 199 206 104 
NDF 196 241 280 
Non-protein N 1.72 1.73 2.07 
Fatty acids 37.0 34.8 35.8 
Starch 332 316 322 
Ash 88.6 90.4 87.3 
Ca 14.9 15.0 14.9 
P 5.71 5.49 5.49 
Ala 9.21 9.14 5.2 
Arg 12.42 11.69 5.32 
Asx 19.2 19.1 7.5 
Cys 2.99 3.15 1.95 
Glx 33.2 33.2 15 
Gly 8.43 8.31 4.82 
His 5.1 4.9 2.76 
Ile 8.65 8.52 3.71 
Leu 15.48 15.12 7.37 
Lys 10.95 9.97 4.75 
Met 2.81 2.69 1.52 
Phe 9.51 9.4 4.25 
Pro 10.48 10.47 5.97 
Ser 7.91 7.98 3.88 
Thr 7.13 7.03 3.49 
Trp 2.23 2.01 1.07 
Tyr 6.28 6.06 3.29 
Val 9.25 9.11 4.49 
ΣAA 181 177 86 











Table 16. Change and increment in body weight (BW) and body frame measurements. 
 Diet
1          P-values 





Change4       
BW, kg 5.01 4.66 3.12 0.77 0.74 0.07 
Heart girth, cm 1.65 2.28 1.44 0.4 0.25 0.26 
Body length, cm 1.94 2.87 0.37 0.67 0.34 0.04 
Wither height, cm 1.28 1.14 0.33 0.46 0.83 0.14 
Hip height, cm 0.80 0.94 0.26 0.31 0.76 0.12 
Hip width, cm 0.31 0.50 0.32 0.13 0.31 0.58 
Increment5, %       
BW 6.66 6.78 4.28 1.08 0.93 0.07 
Heart girth 1.14 2.07 2.54 0.38 0.09 0.06 
Body length 1.79 1.02 2.10 0.83 0.51 0.56 
Wither height 0.74 1.36 1.01 0.52 0.41 0.95 
Hip height 0.88 0.46 0.83 0.36 0.41 0.73 
Hip width 0.78 0.98 2.59 0.45 0.75 <0.01 
1Calves were fed for ad libitum intake a control calf starter (CS) with regular soybean meal (SBM) as the main source of protein 
(CTRL), an isonitrogenous CS with an enzyme-treated SBM as the main source of protein (ESBM), or a CS with low content of 
CP (LOCP). 
2P-value for the contrast between CTRL and ESBM diet. 
3P-value for the contrast between the high-protein (CTRL + ESBM) and LOCP diet. 
4Difference between the parameter value on the last day (d 5) and first day (d 1) on each diet. 




Table 17. Starter and water intake, and fecal scores. 
 Diet
1  P-values 





Intake, kg/d         
   Starter 2.16 2.23 2.03 0.08 0.05 0.71 0.59 0.09 
   Water  6.73 7.11 6.14 0.31 <0.01 0.29 0.38 0.04 
Intake, %BW         
   Starter 2.92 3.02 2.77 0.11 0.05 0.75 0.50 0.15 
   Water  9.11 9.72 8.33 0.42 <0.01 0.22 0.30 0.03 
Fecal scores4 1.68 1.69 1.23 0.18 0.62 0.39 0.83 0.03 
1Calves were fed for ad libitum intake a control calf starter (CS) with regular soybean meal (SBM) as the main source of protein (CTRL), an 
isonitrogenous CS with an enzyme-treated SBM as the main source of protein (ESBM), or a CS with low content of CP (LOCP). 
2P-value for the contrast between CTRL and ESBM diet. 
3P-value for the contrast between the high-protein (CTRL + ESBM) and LOCP diet. 
4 Fecal scores were assigned twice per day based on the following values: 1= normal, solid; 2=semi-formed, pasty; 3=loose, but stays on 





Table 18. Effect of diet on health scores odds ratio 
1P-value for the effect of diet on the odds ratio of suffering any respiratory or digestive event 
2Linear comparisons of odds ratio estimates between calves that were fed ad libitum during 10 d either a regular 
soybean meal- (CTRL) or enzyme-treated soybean meal-based (ESBM) calf starter or a low protein (LOCP). 




Table 19. Diet effects on ileal and duodenal digesta pH 
 Diet
1 P-values 





Duodenal  2.97 2.89 2.81 0.06 0.44 0.14 0.07 0.01 
Ileal  7.29 7.52 7.50 0.06 0.04 0.77 <0.01 0.11 
1Calves were fed for ad libitum intake a control calf starter (CS) with regular soybean meal (SBM) as the main source of protein (CTRL), an 
isonitrogenous CS with an enzyme-treated SBM as the main source of protein (ESBM), or a CS with low content of CP (LOCP). 
2P-value for the contrast between the high-protein (CTRL + ESBM) and LOCP diet. 




Table 20. Broken-line model parameters of the digesta pH 
fluctuations at the ileum 
Model Parameters  Estimates  
Initial pH (a0) 7.52 
1st decreasing slope (b1), pH/h -0.02 
Time at 1st knot (x1), h 8.77 
Increasing slope (b2), pH/h 0.11 
Time at 2nd knot (x2), h 11.69 
2nd decreasing slope (b3), pH/h -0.15 
R2 82.77 




Odds ratio Diet1 Contrast2 Estimate P- value 
Exponentiated 
estimate3 
Fecal score > 2 0.07 CTRL vs FSPC 0.38 0.40 1.46 
 
 HICP vs LOCP 2.48 0.03 11.97       
Breathing 0.85 CTRL vs FSPC 0.71 0.57 2.03 
 
 HICP vs LOCP -7.35 0.96 0.00       
Nasal discharge 0.58 CTRL vs FSPC 1.14 0.33 3.12 
 
 HICP vs LOCP 0.38 0.50 1.46 
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Table 21. Least square means of apparent duodenal digestibilities (ADD) percentages. 
 Diet1            P-values 





OM 44.5 37.7 37.2 2.6 <0.01 0.02 
Ash -9.92 -0.60 -24.89 4.69 <0.01 <0.001 
Ca 18.7 16.7 19.3 2.8 0.48 0.52 
P -16.0 -22.0 -25.4 4.4 0.15 0.07 
NDF 35.1 32.5 23.3 3.31 0.46 <0.01 
Fatty acids -14.9 -20.4 -13.5 2.9 0.17 0.24 
Starch 72.7 66.5 60.5 4.6 0.12 0.01 
Non-protein N -385 -284 -125 32 <0.001 <0.001 
Ala -17.1 -18.9 -30.1 3.85 0.69 <0.01 
Arg 26.0 12.8 2.3 2.67 <0.001 <0.001 
Asx 5.51 -7.61 -28.70 3.76 <0.01 <0.001 
Cys 6.85 8.78 12.10 3.12 0.43 0.06 
Glx 26.3 13.9 6.2 2.73 <0.001 <0.001 
Gly -7.8 -13.1 -22.7 3.87 0.22 <0.01 
His 21.8 11.6 11.7 2.59 <0.001 0.02 
Ile -3.9 -16.7 -32.4 3.9 <0.01 <0.001 
Leu 5.21 -5.97 -15.20 3.25 <0.01 <0.001 
Lys -14.34 -28.58 -48.89 4.44 <0.001 <0.001 
Met 1.94 -1.89 -15.04 3.52 0.23 <0.001 
Phe 9.43 -3.48 -14.42 3.31 <0.001 <0.001 
Pro 24.8 18.6 19.8 2.43 0.01 0.36 
Ser 5.72 1.03 -12.21 3.56 0.19 <0.001 
Thr -17.3 -23.7 -37.3 4.21 0.10 <0.001 
Trp 14.98 5.49 0.01 3.6 <0.01 <0.01 
Tyr -2.26 -9.79 -12.69 3.78 0.05 0.05 
Val -12.3 -22.1 -33.6 3.94 0.01 <0.001 
ΣAA 7.34 -3.37 -11.74 3.23 <0.01 <0.001 
Test ingredient5 7.50 -3.35 - 4.69 <0.001 - 
CP 4.43 -6.49 -10.11 3.4 <0.001 <0.01 
Test ingredient5 11.10 1.64 - 4.8 <0.001 - 
1Calves were fed for ad libitum intake a control calf starter (CS) with regular soybean meal (SBM) as the main 
source of protein (CTRL), an isonitrogenous CS with an enzyme-treated SBM as the main source of protein 
(ESBM), or a CS with low content of CP (LOCP). 
2P-value for the contrast between the high-protein (CTRL + ESBM) and LOCP diet. 
3P-value for the contrast between CTRL and ESBM diet. 
4Asx = Asn + Asp; Glx = Glu + Gln. 
5ADD of the components (CP and total AA) of the test ingredient (regular SBM in the CTRL diet and enzyme-
treated SBM in the ESBM diet) as calculated by the difference method (Kong and Adeola, 2014).    






Table 22. Least square means of apparent ileal digestibility (AID) 
 Diet1           P-values 





OM 29.8 35.9 14.9 3.8 0.11 <0.01 
Ash 29.6 16.8 10.3 4.2 <0.001 <0.01 
Ca 14.7 -12.6 -5.1 5.5 <0.01 0.19 
P 56.1 58.8 44.3 4.3 0.51 <0.001 
NDF 10.3 10.6 -18.7 3.4 0.97 <0.01 
Fatty acids 33.7 33.7 35.9 5.0 0.62 0.40 
Starch 43.7 49.0 49.5 5.4 0.34 0.52 
Non-protein N 26.6 16.7 19.0 8.9 0.10 0.62 
Ala 54.4 58.9 49.3 2.9 0.19 <0.001 
Arg 72.6 77.0 62.5 2.05 0.04 <0.001 
Asx 57.1 59.0 51.9 3.1 0.55 0.03 
Cys 23.4 26.5 14.1 5.1 0.57 0.02 
Glx 51.5 58.0 51.2 3.2 0.03 0.20 
Gly 42.8 47.3 45.2 4.5 0.10 0.10 
His 57.4 58.7 49.1 3.3 0.45 <0.001 
Ile 66.1 71.0 58.1 2.0 0.04 <0.001 
Leu 64.4 69.9 56.6 2.0 0.02 <0.001 
Lys 63.0 60.8 54.3 2.8 0.18 <0.001 
Met 64.9 67.5 59.5 2.5 0.41 0.01 
Phe 63.8 70.9 54.8 2.2 <0.001 <0.001 
Pro 52.2 55.3 43.6 3.0 0.26 <0.001 
Ser 53.8 59.2 40.8 3.2 0.21 <0.001 
Thr 50.0 54.3 41.8 3.4 0.35 <0.001 
Trp 58.2 60.2 51.3 2.9 0.51 <0.001 
Tyr 62.8 68.0 55.3 2.2 0.05 <0.001 
Val 60.9 65.1 51.4 2.4 0.18 <0.001 
ΣAA 57.2 60.8 51.3 2.7 0.22 <0.001 
Test ingredient5 66.2 71.8 - 3.0 0.01  
CP 55.2 59.4 47.2 2.9 0.20 <0.0001 
Test ingredient5 66.1 71.5 - 2.7 0.01  
1Calves were fed for ad libitum intake a control calf starter (CS) with regular soybean meal (SBM) as the main 
source of protein (CTRL), an isonitrogenous CS with an enzyme-treated SBM as the main source of protein 
(ESBM), or a CS with low content of CP (LOCP). 
2P-value for the contrast between the high-protein (CTRL + ESBM) and LOCP diet. 
3P-value for the contrast between CTRL and ESBM diet. 
4 Asx = Asn + Asp; Glx = Glu + Gln. 
5AID of the components (CP and total AA) of the test ingredient (regular SBM in the CTRL diet and enzyme-
treated SBM in the ESBM diet) as calculated by the difference method (Kong and Adeola, 2014).    






Table 23. Least squares means for digesta flows of nutrients at the duodenum and ileum.  
 Diet1            P-values 





Duodenal        
DM 603 657 682 26 <0.01 <0.01 
CP 201 206 121 6 0.31 <0.001 
Net CP 955 1,064 1,101 33 <0.001 <0.001 
Total AA 171 179 91 6 0.01 <0.001 
Net AA 926 1,032 1,117 32 <0.01 <0.001 
Non-protein N 7.80 6.55 4.48 0.43 <0.001 <0.001 
Net non-protein N 37.9 32.9 44.8 2.8 0.02 <0.001 
Fatty acids 42.8 41.6 40.3 1 0.39 0.12 
Starch 88 104 128 14 0.18 <0.01 
NDF 125 162 214 8 <0.001 <0.001 
Ash 97.3 91.1 108.9 4.1 0.01 <0.001 
Ileal      
DM 396 427 533 13 0.09 <0.001 
CP 83.1 81.4 58.1 2.2 0.59 <0.001 
Total AA 68.3 66.8 45.1 2.1 0.61 <0.001 
Non-protein N 5.60 5.24 3.06 0.34 0.26 <0.001 
Fatty Acids 26.1 27.7 24.1 1.8 0.22 0.02 
Starch 45.1 45.8 54.3 4.6 0.90 0.06 
NDF 117 138 227 7 0.04 <0.001 
Ash 64.7 75.3 91.2 2.7 0.01 <0.001 
1Calves were fed for ad libitum intake a control calf starter (CS) with regular soybean meal (SBM) as 
the main source of protein (CTRL), an isonitrogenous CS with an enzyme-treated SBM as the main 
source of protein (ESBM), or a CS with low content of CP (LOCP). 
2P-value for the contrast between the high-protein (CTRL + ESBM) and LOCP diet. 





Table 24. Least squares means for digesta flows and efficiency of microbial, and true 
digestibility of CP and AA at the duodenum  
 Diet1            P-values 





Microbial N, g/kg DMI 17.2 16.2 12.9 1.5 0.32 <0.001 
Microbial N4 g/kg OM 34.5 38.5 30.7 4.4 0.23 0.03 
Microbial N4 g/kg CHO 42.6 52.3 38.5 7.1 0.27 0.02 
Microbial N4 g/kg CP 156 185 206 14 <0.01 0.49 
Microbial N4 g/kg starch 74.5 70.4 70.1 11.0 0.59 0.73 
Microbial N5, % of total N 56.8 45.2 68.3 5.7 <0.001 <0.001 
Microbial N5, % protein N 75.0 56.1 88.0 7.4 <0.001 <0.001 
Microbial N, g/d 38.5 35.4 26.2 3.6 0.24 <0.001 
OM digested6, kg/d 1.18 1.05 0.90 0.06 <0.01 <0.001 
CHO digested6, kg/d 0.91 0.76 0.71 0.05 <0.001 <0.01 
CP digested6, kg/d 0.25 0.19 0.08 0.02 <0.01 <0.001 
Starch digested6, kg/d 0.54 0.44 0.38 0.03 <0.001 <0.001 
NDF digested6, kg/d 0.15 0.16 0.11 0.02 0.89 0.02 
Non-protein N, g/d 17.5 14.2 9.8 1.1 <0.001 <0.001 
Non-protein N7, g/kg CP 66.2 73.0 68.9 8.2 0.77 0.05 
Ratio of CP:CHO8 0.27 0.25 0.11 0.04 0.35 0.01 
Total AA true DD9 56.3 39.5 59.5 6.0 <0.01 <0.001 
Test ingredient true DD10 55.8 46.7 - 8.5 0.02 - 
CP true DD9 58.0 41.4 63.7 6.5 <0.001 <0.001 
Test ingredient true DD10 58.4 48.5 - 4.8 0.02  
1Calves were fed for ad libitum intake a control calf starter (CS) with regular soybean meal (SBM) as 
the main source of protein (CTRL), an isonitrogenous CS with an enzyme-treated SBM as the main 
source of protein (ESBM), or a CS with low content of CP (LOCP). 
2P-value for the contrast between the high-protein (CTRL + ESBM) and LOCP diet. 
3P-value for the contrast between CTRL and ESBM diet. 
4Grams of microbial-N per kilogram of OM, carbohydrates (CHO; OM - CP - non-protein N), CP, or 
starch truly disappeared before reaching the duodenum. 
5Grams of microbial N as a percentage of total duodenal N or only protein N (CP - Non-protein N). 
6Amounts of OM, CHO, CP, starch, and NDF disappeared before reaching the duodenum expressed in 
kilograms per day. 
7Grams of non-protein N per kilogram of CP disappeared before reaching the duodenum. 
8Ratio of CP to CHO disappeared before reaching the duodenum.  
9Duodenal digestibility of CP and total AA corrected by duodenal microbial CP flow assuming a 
microbial AA-N content of 80% of the total N. 
10True DD of the components (CP and total AA) of the test ingredient (regular SBM in the CTRL diet 
and enzyme-treated SBM in the ESBM diet) as calculated by the difference method (Kong and Adeola, 






Table 25. Linear relationship between flows of absorbed CP and AA in 
the small intestine and total duodenal flows of CP and AA. 
 Regression Parameters1 





Ala -2.23 0.81 0.91 0.62 <0.001 <0.001 
Arg -1.66 0.94 0.97 0.43 <0.001 <0.001 
Asx -2.53 0.76 0.92 1.15 <0.001 <0.001 
Cys -0.74 0.57 0.57 0.34 <0.001 <0.001 
Glx -3.42 0.70 0.77 2.63 <0.01 <0.001 
Gly -1.46 0.67 0.57 1.20 0.02 <0.001 
His -0.86 0.83 0.89 0.28 <0.001 <0.001 
Ile -1.43 0.86 0.97 0.38 <0.001 <0.001 
Leu -2.72 0.87 0.96 0.65 <0.001 <0.001 
Lys -1.97 0.80 0.93 0.66 <0.001 <0.001 
Met -0.50 0.87 0.93 0.14 <0.001 <0.001 
Phe -1.72 0.89 0.96 0.41 <0.001 <0.001 
Pro -1.92 0.82 0.92 0.50 <0.001 <0.001 
Ser -2.06 0.87 0.93 0.45 <0.001 <0.001 
Thr -1.94 0.79 0.90 0.53 <0.001 <0.001 
Trp -0.35 0.82 0.88 0.15 <0.001 <0.001 
Tyr -1.11 0.85 0.96 0.28 <0.001 <0.001 
Val -2.13 0.85 0.96 0.46 <0.001 <0.001 
ΣAA -30.20 0.80 0.91 10.07 <0.001 <0.001 
CP -41.82 0.81 0.92 11.57 <0.001 <0.001 
1Intercept (CPendo) and slope (a) of the regression line according to the equation: 
Digestible CPileo = CPendo + a ∗  CPdiet where digestible CPileo is the apparent 
absorbed concentrations of CP or AA across the small intestine, and CPdiet is the 
duodenal flow of CP or AA, both expressed in g per kg of DMI. Adj.R2 = 
Adjusted R2; Root MSE = Root mean square error; Pi = P-value for the intercept 
of the regression equation; Ps = P-value for the slope of the regression equation. 











Figure 5. Estimated flow (g of CP per kg of DMI) of 
undegraded, microbial, and endogenous protein at the duodenum 
(a) and ileum (b). The flow of total endogenous protein and the 
relative percentages by origin were estimated by multiple 
regression analysis and χ2 distance according with Duvaux et 
al., (1990). For the endogenous protein flow at the duodenum, 
the mean AA profile of adult cows (Larsen et al., 2000; Richter 
et al., 2010) and growing goats (Zhou et al., 2008, 2009) was 
used, whereas only that of the adult cow (Larsen et al., 2001) 
was used for the flow at the ileum. For microbial protein, the 
AA profile as detailed reviewed by Sok at al., (2017) was used 
for both sites, and the AA profile of the diets was used as 
reference for undegraded protein at both sites as well.  Numbers 
within each section of the bar represents the flow of each 
particular protein within the total flow of protein for each diet 
(CTRL = regular SBM-based calf starter; ESBM = enzyme-
treated SBM-based calf starter; LOCP = low CP (11%) calf 
starter). Numbers between columns represent the P-values for 
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Figure 6. Relationship between efficiency of microbial protein 
synthesis (EMPS) and efficiency of dietary N utilization (ENU). 
RMSE = 48.13; the coefficient of EMPS2 (P = 0.01) was 
significantly different from zero. 
y = -0.05x2 + 5.26x + 61
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CHAPTER 6: CONCLUSIONS 
 
Digestibility of dietary nutrients is the most common method utilized to estimate nutrient 
bioavailability, especially for dietary AA. Digestibilities of protein and amino acids are crucial 
characteristics of milk replacers in a calf-rearing program. Since AA are only absorbed in the 
small intestine and because the fermentation in the large intestine would alter AA profile in 
digesta, ileal digestibility is considered a more accurate estimation of AA bioavailability than 
total tract digestibility. Because of the synthesis of endogenous proteins that is dependent of 
many physiological and dietary factors, flows of AA and CP at the ileum need to be determined 
in order to obtain accurate estimates of dietary nutrient digestibilities. Microbial-treated soy 
protein has become recently a feed ingredient of interest for dairy calves due to its lower 
concentration of antinutritional factors, the higher proportion of AA and small size peptides, and 
the presence of other beneficial bioactive compounds and peptides.  Therefore, the objective of 
the experiments included on this dissertation were to (1) evaluate our capacity to successfully 
place a duodenal and ileal cannula in young calves, (2) analyze the effect of the inclusion of an 
enzyme-treated soybean meal (SBM) in a milk replacer on the dietary ileal digestibility in pre-
weaned calves, (3) evaluate the effect on ruminal and intestinal digestion of the substitution of 
regular by enzyme-treated SBM in weaned calves, and (4) measure ileal endogenous losses of 
CP and AA.  
(1) Across 4 experiments, we achieved a 83% survival rate post-surgery with all losses 
occurring within the first 3 days after the surgery. Despite an expected negative effect 
on final BW and growth rate after surgery, the cannulation and sampling technique 
permitted collection of sufficient ileal digesta while allowing satisfactory growth and 
health of the calves. In the first pilot study, calves cannulated at the ileum at 2 wk of 
age grew 0.86 kg per wk less than the non-cannulated control calves. During the 
second pilot study, 7 wk old calves that were cannulated at the duodenum and ileum 
grew 0.8 kg per wk less during 6 wk after surgery than before the surgery.   
(2) Overall, there were no important differences in the apparent ileal digestibility (AID) 
of the main dietary components, and the true ileal digestibility (TID) of most AA and 
CP between a milk replacer (MR) with only milk proteins and another with an 
enzyme-treated SBM substituting 50% of the CP. The slight disadvantage on CP and 
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AA apparent digestibility with the enzyme-treated SBM diet disappeared once digesta 
outflows were corrected by the estimated endogenous protein losses. 
(3) The foregut and intestinal function of 2 to 3-mo weaned calves seems generally 
comparable to those of adult cows. At this age, microbial protein contributes already 
greatly to the flow of absorbed duodenal protein. Ruminal and abomasal digestion of 
starch and NDF while does not show same values as those in adults, it seems to be 
critical to sustain an efficient microbial protein synthesis. True ileal digestibility of 
CP and AA is relatively high and represents a potential to improve growth and 
development through an adequate flow of CP and AA into the duodenum. The use of 
a previously hydrolyzed protein source in calf starter such as an enzymatically treated 
SBM seems to enhance microbial activity in the rumen and to increase small intestine 
digestibility of N and carbohydrates when compared with regular SBM.  
(4) Basal endogenous losses of CP and AA of young calves before weaning were 22 and 
14 g per kg of DMI, respectively. Total (basal + specific) losses increased until 28 
and 25 g per kg with the all-milk MR and until 37 and 32 g per kg of CP and AA 
respectively with the MR providing 50% of the CP with an enzyme-treated SBM. On 
average, basal endogenous protein losses represented 30% of the total CP reaching 
the ileum. In weaned calves, basal endogenous losses were estimated to be 44 and 34 
g of CP and AA, respectively per kg of DMI. These losses represented 54% of the CP 
reaching the ileum on average across diets.    
In conclusion, cannulation of the digestive tract in young calves is a feasible technique 
that can provide accurate information about the peculiar digestive tract function in pre- and post-
weaning calves. A 50% inclusion in a CP basis of an enzyme-treated SBM in MR does not alter 
digestibility of dietary CP and AA in pre-weaned calves. On the other hand, an enzyme-treated 
SBM promotes greater efficiency of microbial protein synthesis and increases digestibility of CP 
and AA across the small intestine. Endogenous losses of N must be estimated routinely in order 






APPENDIX A: EVALUATION OF 3 COST-EFFECTIVE METHODS TO DETERMINE 
MUCIN PROTEIN CONCENTRATION IN ILEAL DIGESTA OF YOUNG PRE-
WEANING CALVES. 
ABSTRACT 
The use of alternative sources of protein to substitute for milk proteins in milk replacers (MR) 
can increase the synthesis of endogenous proteins and therefore alter ileal or total tract 
digestibility calculations. Mucin is the main component of gastrointestinal mucus and constitutes 
the greatest contribution to total endogenous protein. Mucin is difficult to isolate and therefore it 
has not been extensively studied in dairy calves. Our objective was to explore 3 cost-effective 
procedures to analyze and estimate mucin protein (MUP) in ileal digesta of young dairy calves.  
Ileal digesta samples were collected from 9 30-d old ileal-cannulated calves that were enrolled in 
a 3 ⨯ 3 replicated Latin square with 5-d periods. The 3 diets were: a control whey protein-based 
MR (WPC), an isonitrogenous MR where 50% of the protein was provided with an enzyme-
treated soybean meal (ESBM), and a N-free MR (NFREE). Mucin protein concentration and 
flow was analyzed by fractionation of the digesta and ethanol precipitation (PREC), and it was 
considered the method of reference. Alternative methods to estimate MUP consisted of analysis 
of glucosamine (GlcNa) and galactosamine (GalNa) using commercial enzymatic kits since these 
amino-sugars are highly enriched in mucin. Before GlcNa determination, samples were 
processed using 3 different procedures: sample clarification (CLAR), clarification plus 
hydrolysis (CLHY) and hydrolysis alone (HYDR). The MUP was estimated by regression of the 
GlcNa and GalNa values using previously validated equations. According with the bias and 
agreement analysis, none of the methods yielded MUP values similar to the reference method. 
However, HYDR showed a strong association with PREC (ρ = 0.73) and it was able to identify 
the smaller MUP flows with NFREE in comparison with the other 2 diets, and to detect the 
greater flow of ESBM than WPC, as observed with PREC. Using GlcNa values from HYDR and 
MUP with PREC, we were able to establish a linear relationship between both methods (Adj. R2 
= 0.75). Inferences about MUP secretions must be done cautiously because there are many 
dietary and physiological factors involved. However, we have shown that some of these 
alternative procedures can be used to detect differences in MUP ileal flows between diets 
differing in protein level and source. The adoption of practical and easily applicable techniques 
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can help to increase our knowledge about gastrointestinal tract function and to improve the 
accuracy of MR digestibility calculations.        
INTRODUCTION 
The nutritional value of milk or milk replacer is largely determined by the content of 
bioavailable protein (Drackley, 2008). Plant proteins and especially soy proteins are amongst the 
most studied alternatives to milk proteins in MR because of their favorable price. However, the 
presence of anti-nutritional factors (ANF) can impair growth and health (Lallès, 1993), 
especially in the first weeks of life due to the lack of a significant rumen fermentation (Barratt et 
al., 1978; Tukur et al., 1993). Among other effects, ANF react with the gut mucosa to stimulate 
the secretion of mucus from goblet cells in the small intestinal epithelium (Schulze et al., 1995; 
Montagne et al., 2000a), which creates the first line of defense against physical and chemical 
damage (Kim and Ho, 2010). Not only the presence of ANF, but also resistant dietary proteins 
(Santoro et al., 1999), fiber (Mariscal-Landín et al., 1995), and other physiological factors can 
stimulate the endogenous secretion of mucus (Nyachoti et al., 2010).  
Mucin is a heavily glycosylated protein that constitutes the main component of 
gastrointestinal mucus and its protein content can range between 53% and 21% of the whole 
molecule weight in calves and pigs, respectively (Mantle and Allen, 1981; Montagne et al., 
2000b). Each mucin monomer contains a central region where N-acetylgalactosamine bonds to a 
Thr or Ser residue (Bansil et al., 1995). This region is surrounded by oligosaccharides that 
protect it from proteases (Bansil et al., 1995) and therefore mucin protein (MUP) is not 
completely digested once it reaches the ileum (Montagne et al., 2001). Mucin protein constitutes 
the biggest contribution to endogenous N losses and will therefore cause an underestimation of 
the ileal digestibility of feed ingredients and diets if it is not quantified (Fuller and Cadenhead, 
1991; Montagne et al., 2003). Losses of MUP represent 11% in pigs and 19% in calves of the 
basal endogenous losses; however, contributions of individual AA can represent up to 40% and 
29% of Lys and Glu, respectively, in calves and up to 35% and 24% of Thr and Pro, respectively, 
of the AA losses in pigs (Lien et al., 1997; Montagne et al., 2000a). Determination of MUP can 
be a sufficient method to account for the endogenous protein losses in digesta or feces when 
comparing ileal or total tract N output and digestibility between different protein sources 
(Montagne et al., 2000a).  
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Direct determination of MUP concentration in digesta can be achieved with ELISA, western 
blotting, and immunohistochemistry among others (Harrop et al., 2012). However, those 
techniques are laborious and require specialized equipment. On the other hand, MUP 
concentration can be extrapolated from the concentration of N-acetylglucosamine (GlcNa), and 
especially N-acetylgalactosamine (GalNa) because of its limited presence in other endogenous or 
dietary sources (Lien et al., 1997). Different experiments have been conducted to establish a 
linear regression equation to predict mucin or MUP output from the digesta concentration of 
GalNa and GlcNa (Lien et al., 1997; Montagne et al., 2000a). To our knowledge, determination 
of GalNa and GlcNa concentration has been only measured by ion-exchange chromatography, 
which is also an expensive and time-consuming technique. There is a need for more data on 
endogenous protein secretions in order to better understand the interaction of dietary proteins 
with the intestinal mucosa in young dairy calves, and to provide accurate values for digestibility 
of MR.  
In order to facilitate and expand the gathering of data, our objective was to explore the 
performance of 3 different affordable and accessible methods for the indirect determination and 
comparison of MUP content in ileal digesta of pre-weaning calves. The methods were: 
determination of total GlcNa concentration by absorbance spectrocopy and GalNa by 
fluorescence spectroscopy, and determination of MUP content by ethanol precipitation (PREC). 
MATERIALS AND METHODS 
Ileal digesta samples used in these analysis were derived from a previous digestibility 
experiment by our group (Ansia, unpublished data). Briefly, at approximately 30 d of age 9 ileal-
cannulated calves were randomly assigned to a 3 ⨯ 3 replicated Latin square with 5-d periods. 
Calves were fed twice daily at a rate of 2% (DM) of BW, adjusted weekly. No solid food was 
offered to minimize rumen development. Digesta samples were collected continuously during 12 
h on d 4 and 5 of each period and were composited by calf and period. The 3 experimental diets 
were: a control MR with whey protein concentrate as the only source of protein (WPC), an 
isonitrogenous MR where 50% of the protein was provided with an enzyme-treated soybean 
meal (ESBM; HP-100, Hamlet Protein A/S, Horsens, Denmark), and an N-free MR (NFREE) to 
determine basal endogenous protein losses. Chromic oxide (0.2%, DM basis) was fed with the 
MR as indigestible marker for the solid phase of the digesta, while the complex Cobalt-Na-
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EDTA (0.85%, DM basis) was used as marker for the liquid phase.  The average of the recovered 
concentrations of both markers was used to calculate digesta flows at the ileum relative to DMI. 
First, free and total GlcNa (including D-glucosamine-6-sulphate, D-glucosamine-2-sulphate 
and N-acetyl D-glucosamine) concentration was determined in freeze-dried digesta using a 
commercial enzymatic assay kit for food and neutracetical preparations (Megaenzyme 
International, Bray, Ireland) and a microplate spectrophotometer reader (Epoch, Biotek, 
Winooski, VT) at a wavelength of 340 nm. Briefly, D-glucosamine is first phosphorylated to 
glucosamine-6-phosphate, and the latter is deaminated yielding fructose-6-phosphate, which is 
then converted to glucose-6-phosphate (G-6-P). The increase in absorbance will measure the 
amount of NADPH formed during the oxidation of G-6-P since it is stoichiometric with the 
amount of initial D-glucosamine. Before addition of any reagent, samples were prepared using 3 
different methods: sample clarification (CLAR) for free GlcNa, and clarification plus hydrolysis 
(CLHY) and direct hydrolysis of the solid sample (HYDR) for total GlcNa. For clarification and 
hydrolysis procedures, instructions from the assay manufacturer were followed. Initially for the 
CLAR method, 4 g of freeze-dried sample were dissolved into 80 mL of mQ water. While 
continuously mixing, 5 mL of Carrez I solution {3.60 g of K4[Fe(CN)6]·3H2O in 100 mL of mQ 
water}, 5 mL of Carrez II solution (7.20 g of ZnSO4·7H2O in 100 mL of mQ water) and 10 mL 
of NaOH solution (100 mM) were added to the solution. A 15-mL aliquot was centrifuged (1,050 
× g for 2 min at room temperature) and 1 mL of the supernatant was transferred into a new micro 
tube. In the case of the CLHY pretreatment, a further 1 mL of 4 M HCl was added. After 
incubation in a water bath at 110°C for 2 h, the solution was neutralized with 2 mL of 2 M 
NaOH. For the HYDR method, between 10 and 30 mg of freeze-dried digesta (depending on the 
CP content of the sample) were hydrolyzed in 2 mL of 5 M HCl for 2 h at 110°C following the 
process described by Montagne et al. (2000a). Samples from CLHY and HYDR were 
centrifuged (1,050 × g for 2 min at room temperature) to eliminate any residue and obtain a clear 
sample solution. 
Galactosamine concentration was determined using a commercial assay kit for fecal mucin 
following the manufacturer instructions (Cosmo Bio Co., Ltd., Tokyo, Japan). After extraction of 
mucin, the GalNa chains that are O-glycosidically linked within the mucin domain are β-
eliminated by diluted alkali. The formed reducing end of GalNa react with 2-cyanoacetamide at 
133 
 
high temperature to produce intensely fluorescent condensates (Crowther and Wetmore, 1987). 
Fluorescence was read with a measurement wavelength of 330 nm for excitation and 420 nm for 
emission using an Analyst HT (LJL BioSystems, Inc. Sunnyvale, CA). 
Determination of MUP by PREC was accomplished after fractionation of the digesta by 
centrifugation (Miner-Williams et al., 2012). Freeze-dried digesta was reconstituted (1:20, wt:vol 
at room temperature) in saline solution (0.15 mol/L). First, digesta was centrifuged at 250 × g for 
15 min at 4°C. This precipitate is expected to contain food debris and intact mucosal cells. 
Supernatant was then centrifuged at 14,500 × g for 30 min at 4°C. This second precipitate is 
expected to contain microbial cells whereas the supernatant contains soluble N components. The 
supernatant was mixed with ethanol (1:1.5, vol:vol at 0°C) , kept overnight at -20°C, and 
centrifuged at 1,400 × g for 10 min at 4°C. Precipitate was recovered in 15 mL of normal saline 
solution and precipitated again with ethanol in the same conditions. The 3 precipitates were 
recovered in 10 mL of the saline solution, freeze-dried, and weighed (Piel et al., 2004; Montoya 
et al., 2015). Crude protein content in the crude mucin precipitate was analyzed by the 
combustion method (AOAC Official Method 990.03, 2006). 
Even though fractionation and precipitation of glycoprotein is a rather non-specific method, 
it performs optimally when compared with other more specific assays such as ELISA analysis 
(Piel et al., 2004), and therefore will be considered our method of reference in this note. Mucin 
protein concentrations were extrapolated from GlcNa and GalNa concentrations from each of the 
alternate methods using the regression equations reported by Montagne et al. (2000a). 
Comparisons between diets for MUP concentrations and flows were performed using PROC 
MIXED procedure in SAS version 9.4 (SAS Institute, 2012) with diet and period as fixed factors 
and with calf as a random effect. Assumptions about the normality and homogeneity of residuals 
derived from the analyses of variance were checked using the PROC UNIVARIATE procedure 
and the INFLUENCE option within PROC MIXED in SAS.  The association and agreement 
between ileal MUP output obtained with the reference method (PREC) and that obtained with the 
hexosamine methods was evaluated using Pearson’s and Lin’s concordance correlations (Lin, 
1989), respectively. Bias between the measurements was evaluated using Bland-Altman plots 




RESULTS AND DISCUSSION 
Values of MUP concentration obtained with PREC were able to manifest the influences of 
diets and were greater with the WPC and ESBM than with N-FREE (Table 26). Only the HYDR 
method was able to yield values that manifested the same effect of the diets. While CLAR values 
showed no diet effect, the CLHY method showed greater MUP concentration with the NFREE 
diet. Unlike any of the methods based on GlcNa concentrations, extrapolation of MUP using 
GalNa concentrations with Montagne’s equation (GALC) resulted in the greatest MUP 
concentration for digesta from the WPC diet. Only the flows of MUP obtained with PREC 
demonstrated a lower flow with NFREE than the other 2 diets. On the other hand, the CLAR 
method was not influenced by diet and CLHY and GALC showed greater flow with the NFREE 
diet. The HYDR methods yielded the greatest flow with ESBM. The latter method together with 
PREC and CLHY were able to identify a greater flow of the ESBM diet in comparison with 
WPC. 
Comparison of the different methods among themselves within each diet indicated that the 
most similarities between values were observed during the NFREE diet. Mucin protein 
concentrations during the NFREE diet with PREC, CLAR and GALC were not different among 
each them (Table 26). Regarding MUP flows, there were no differences between PREC, CLAR, 
and GALC methods during the NFREE diet. On the other diets, the MUP flow with PREC was 
not different than CLAR or GALC. Overall, HYDR always showed the highest values whereas 
CLAR and GALC the lowest ones.       
Pearson’s correlation analysis of the MUP concentrations showed that the strongest 
association was between the reference method (PREC) and values obtained with the HYDR 
method (Table 27). Then, GALC had the second greatest correlation coefficient among all 
methods. Coefficients for CLHY were negative and there was no significant correlation with 
CLAR. The correlation coefficient of the MUP flow was highest with HYDR as well, but lower 
than that obtained between the concentration values. The rest of the coefficients for mucin flows 
were all significant but negative, indicating an undesirable association for our objective. The 
Lin’s concordance coefficient (CCC) quantifies the agreement between two measures of the 
same variable and ranges between -1 (perfect disagreement) and 1 (perfect agreement).  The 
CCC between the PREC and both HYDR and GALC methods for ileal MUP concentration were 
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the highest among all methods. However, a value of 0.04 represents only a minimal agreement 
between methods. The CCC values for the remaining methods for either concentration or flow 
were lower, indicating even worse agreement. The CLAR method showed the biggest 
disagreement among all with a value of -0.46.  
The Bland-Altman plot (Figure 7) is a graphical method to assess bias where the differences 
between techniques are plotted against the mean of both. When compared with the PREC 
method, values of MUP concentration and flows manifested a relatively small positive bias with 
CLAR (+1.7 and +2.4) and GALC (+1.5 and +5.0). On the other hand, values from HYDR (-27 
and -82) and CLHY (-7 and -27) showed a stronger negative bias for MUP concentration and 
flow. All methods exhibited a case of proportional error since the difference increased along with 
the mean value. Only CLHY had 100% of their MUP concentration values lying within the limits 
of agreement (±1.96 times the standard deviation of the differences). The value for 
concentrations and flows with HYDR and GALC decreased to 96%, and to 92% with CLAR and 
with the flows of CLHY.  
Despite a substantially lower MUP concentration during the NFREE diet relative to the 
value (2.58% of digesta DM) reported by Montagne et al. (2000a), MUP flows (i.e., basal flow 
of mucin) with the PREC method were in close agreement with theirs (3.97 g/kg DMI) and also 
with those found in pigs (3.8 g/kg DMI) by Lien at al. (1997). However, in our study we did 
identify a significant increase in mucin concentration when dietary CP increased by inclusion of 
whey protein. This observation might be crucial since in their study, skim milk was the only 
source of milk protein and the different AA profile between skim milk and whey proteins may 
have caused the different mucin output rate (Montagne et al., 2000b). In addition, the greater 
flow of undigested protein fractions with our control diet may also have increased the rate of 
mucin secretion (Ansia, 2019, unpublished data). Mucin protein flows reported by Montagne et 
al. (2000a) when milk proteins were substituted up to 50% by soy protein (soy protein 
concentrate and hydrolyzed isolate) were also in close agreement with our flows as determined 
by the PREC method. Despite the lower specificity of the ethanol precipitation method when 
compared to a ELISA, it shows a smaller variability that provides a greater sensitivity to detect 
differences in MUP between dietary protein sources (Piel et al., 2004).  
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  We can state with confidence that the estimations of MUP by Montagne’s regression of the 
GlcNa or GalNa values obtained with the commercial enzymatic kits are not an accurate 
solution. Our total glucosamine values with the CLHY method were 19.2 ± 2.3 and 21.6 ± 2.2 
g/kg digesta DM for the WPC and ESBM diets, respectively. These values were greater than 
those obtained by exchange chromatography (Montagne et al., 2000a) but did not show a pattern 
of proportional error as evident as the other methods explored in this note when used to 
extrapolate MUP concentrations. On the other hand, free GlcNa (CLAR) values were 2.6 ± 1.0 
and 2.2 ± 1.0 g/kg digesta DM for the WPC and ESBM diets, respectively, and were lower but in 
a closer agreement with theirs as shown by the Bland-Altman plots (Figure 7.a). Nevertheless, 
both methods failed to identify the greatest differences in MUP concentration of the NFREE diet 
and therefore yielded estimations with a very high disagreement and no association with the 
reference method used in our experiments. Carrez clarification was performed as suggested by 
the manufacturer in samples containing protein. This method precipitates protein, eliminates 
turbidity of the sample solution, and breaks emulsions that may interfere with GlcNa 
determination. However, the Carrez salt solutions might have caused precipitation of some of the 
glycoproteins (Beeley, 1985) and therefore might have reduced the GlcNa available for later 
determination. In fact, GlcNa concentration values in digesta with the NFREE diet, where the 
glycoprotein concentration is presumably the lowest, were very close to values from the CLHY 
and CLAR methods (Table 26) where the only difference is the previous clarification step.  
Galactosamine concentrations were 1.1 ± 0.1 g/kg digesta DM on average for the 3 diets. 
These values are considerably lower than values reported previously for calves and pigs  
(Montagne et al., 2000a; Piel et al., 2004). During GalNa analysis, resolution of the precipitate 
after ethanol precipitation was a critical step and it was difficult to obtain a homogeneous 
solution. The commercial kit used for GalNa determination is designed for use with feces 
samples and therefore the greater glycoprotein or fat content in digesta relative to feces might 
have affected the recovery and re-solubilizing of the precipitate pellet. A mechanical 
homogenization may be required in that step for a better performance.  
Mucin protein precipitation with ethanol is not specific to mucin and may have an important 
coefficient of variation depending on the accuracy of the final ethanol volumes  (Miner-Williams 
et al., 2013). Highly glycosylated glycoproteins will be difficult to precipitate and will remain 
soluble in high concentrations of ethanol due to the intermolecular associations and with 
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glycosylated fibrous proteins that affect their molecular density (Beeley, 1985; Miner-Williams 
et al., 2013). However, calf digesta mucin has a low proportion of carbohydrates (Montagne et 
al., 2000b) relative to protein (carbohydrate:protein = 0.90) in comparison with pig’s mucin 
(1.04 to 3.28; Lien et al., 1997; Miner-Williams et al., 2013) and it may be more suitable to 
obtain a better precipitation performance.  
Even within the same species (pigs) and using the same method of ethanol precipitation, 
recovery of CP from the precipitate has yielded very different results (14 to 35% CP; Lien et al., 
1997; Miner-Williams et al., 2013). In our study the CP content of the recovered precipitate by 
PREC across diets was 26% of digesta DM, while pure ileal calf mucin has a content of 53% CP 
(Montagne et al., 2000b). Not only may the protein composition of the recovered mucin vary 
according to the diet, but can also change depending on the proportional contribution of forms 
that reach the ileum from different sites of the gastrointestinal tract (Lien et al., 1997). Moreover, 
solubility of glycoproteins will increase if they were degraded to the mucin subunits, and will 
also depend on pH and the presence of bile acids (Beeley, 1985; Lien et al., 1997).  Basal 
endogenous losses of mucin and other endogenous proteins are also influenced by physiological, 
dietary, and genetic factors and are therefore specific for the animals and the experimental design 
selected (Stein et al., 2007). Basal endogenous protein losses must therefore be measured 
routinely to compare the effect of different diet compositions on mucin secretions and their effect 
on apparent ileal digestibilities within a specific experimental setting (Hess and Sève, 1999). 
 Direct hydrolysis of freeze-digesta samples as described by Montagne et al. (2000b) 
resulted in very high yields of GlcNa. Since the kit used for this component is directed to food or 
nutraceutical samples, the presence of other biological constituents in ileal digesta samples might 
have interfered in the absorbance reading. However, total GlcNa values with HYDR were able to 
identify the same differences as the reference method and both showed a strong association as 
documented by the Pearson’s correlation. Therefore, we were able to create an updated linear 
regression equation to extrapolate mucin protein concentrations from the total GlcNa values 
obtained with the HYDR method (Fig. 8).   
 Estimation of MUP using the only commercially available enzymatic kit for total 
glucosamine following previous sample hydrolysis is an optimal tool to measure and compare 
the effect of different dietary CP level and MR ingredients on MUP flow. According to the 
literature, the ethanol precipitation method seems to be a reliable procedure, but it requires a 
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considerable amount of digesta or feces (2.5 - 3 g) and therefore might not always be practical. 
Nevertheless, basal endogenous losses of protein or mucin must be considered within the 
conditions of each experiment and need to be estimated routinely in order to make an honest 
assessment of the dietary or management strategies put to test. The availability of reliable and 
cost-effective procedures for MUP determination can contribute to data collection among 
researchers and therefore augment our knowledge about its functions in the gastrointestinal tract 




TABLES AND FIGURES 
Table 26. Mucin protein concentrations and flows analyzed with the reference method (ethanol precipitation) 
and estimated from glucosamine and galactosamine concentrations. 
 Diet1   P-value 
Method3 WPC ESBM N-FREE SE Diet 
WPC vs 
ESBM2 
Mucin protein (% DM)       
PREC  4.04aC 3.49aC 0.58bB 0.34 <0.001 0.43 
Glucosamine       
HYDR 38.6aA 36.3aA 15.1bA 1.6 <0.0001 0.36 
CLAR 0.76D 0.56D 2.11B 0.45 0.29 0.18 
CLHY 7.76bB 8.80bB 11.28aA 0.97 0.002 0.27 
Galactosamine       
GALC 1.27aD 1.17bD 1.19bB 0.03 0.01 0.08 
P method4 <0.0001 <0.0001 <0.0001    
Mucin flow (g per kg DMI)       
PREC 8.80aBC 10.13aC 3.06bC 0.74 <0.001 0.08 
Glucosamine       
HYDR 83.6bA 105.8aA 78.9bA 5.0 <0.0001 <0.001 
CLAR 1.69C 1.34C 12.72C 2.61 0.54 0.47 
CLHY 18.0bB 25.1bB 62.1aB 4.3 <0.0001 <0.01 
Galactosamine       
GALC 1.90bC 1.97bC 3.10aC 0.13 <0.0001 0.64 
P method <0.0001 <0.0001 <0.0001    
1Calves were fed a whey-based (WPC), enzyme-treated soy-based (ESBM), or a N-free (NFREE) milk replacer 
2x daily during 5 d at a rate of 2% BW (DM basis). 
2P-value for the contrast between WPC and ESBM diet. 
3 Mucin protein concentrations and flows were analyzed in ileal digesta with the ethanol precipitation 
method (PREC), estimated using Montagne et al. (2000a) regression equations with glucosamine 
concentrations obtained with a commercial enzymatic kit (Megaenzyme International, Bray, Ireland) 
after previous sample clarification (CLAR), direct sample hydrolysis (HYDR), or sample clarification 
plus hydrolysis (CLHY), or galactosamine concentrations with a commercial enzymatic kit (GALC) 
following manufacturer instructions (Cosmo Bio Co., Ltd., Tokyo, Japan).  





Table 27. Pearson’s and Lin’s concordance correlation coefficients and p-values between mucin protein concentrations and 
flows analyzed with the reference method (ethanol precipitation) and estimated from glucosamine and galactosamine 
concentrations. 












95% CI P – value3 
Mucin concentration (% DM)         
Glucosamine         
HYDR 0.73 0.56 0.83  0.04 0.02 0.06 <0.001 
CLAR -0.23 -0.47 0.05  -0.16 -0.35 0.04 0.10 
CLHY -0.33 -0.55 -0.06  -0.08 -0.15 -0.01 0.02 
Galactosamine         
GALC 0.51 0.28 0.69  0.04 0.02 0.07 <0.001          
Mucin flow (g per kg DMI)         
Glucosamine         
HYDR 0.47 0.23 0.66  0.01 0.004 0.02 <0.001 
CLAR -0.28 -0.52 -0.01  -0.19 -0.36 -0.01 0.04 
CLHY -0.53 -0.70 -0.30  -0.08 -0.13 -0.03 <0.001 
Galactosamine         
GALC -0.28 -0.51 -0.01  -0.04 -0.01 0.001 0.04 
1 Pearson’s correlation coefficient (ρ) and 95% confidence intervals (CI) bounds for the association between mucin 
concentrations and flows analyzed with the reference method (ethanol precipitation) and estimated values using 
Montagne et al. (2000a) regression equation with glucosamine and galactosamine values.  
2 Lin’s concordance correlation coefficient (ρc) and 95% confidence intervals (CI) bounds for the association 
between mucin concentrations and flows analyzed with the reference method (ethanol precipitation) and estimated 
values using Montagne et al. (2000a) regression equation with glucosamine and galactosamine values.  
3P-value of the correlation between the reference (ethanol precipitation) and alternative methods (glucosamine and 
galactosamine concentration) 
4 Mucin protein concentrations and flows were estimated in ileal digesta using Montagne et al. (2000a) regression 
equations with glucosamine concentrations obtained with a commercial enzymatic kit (Megaenzyme International, 
Bray, Ireland) by previous sample clarification (CLAR), direct sample hydrolysis (HYDR), sample clarification plus 
hydrolysis (CLHY), or galactosamine concentrations with a commercial enzymatic kit (GALC) following 






Figure 7. Bland-Altman plot of differences in mucin protein concentrations (a - d) and flows (e - h) analyzed with the reference method (ethanol 
precipitation) and estimated using Montagne et al., (2000a) regression equations with glucosamine concentrations obtained with a commercial 
enzymatic kit (Megaenzyme International, Bray, Ireland) by previous sample clarification (a and e), direct sample hydrolysis (b and f), sample 
clarification plus hydrolysis (c and g), and galactosamine concentrations (d and h) following manufacturer instructions (Cosmo Bio Co., Ltd., Tokyo, 
Japan) in ileal digesta. The solid blue represents the mean (bias); the upper and lower red dotted lines show the limit of agreement (bias ± 1.96 SD), 
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Figure 8. Relationship between the concentrations of 
mucin protein and glucosamine concentration in ileal 
digesta across diets (n = 9).   
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